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Preface

The Red Sea-Gulf of Aden is an active maritime rift
system which is unique in the world. Interest in rifts is
considerable because they are vital in terms of under-
standing the fundamental mechanisms of plate move-
ments and their related seismicity, and because the
sedimentary basins which result can be important in
terms of hydrocarbon and metalliferous potential.
Furthermore, the Red Sea—Gulf of Aden rift system
covers about 20° of latitude and therefore is also a
favourable site for the study of past climatic changes
through a particularly rich sedimentary record.

In recent years, the European Community pro-
gramme SCIENCE (Stimulation of the Cooperation
and Interchange among European Scientists) has
financed several research groups working in the im-
portant field of rifting. Thus, from 1988 to 1994, four
rift projects were implemented which strengthened the
collaboration between the research teams, developed
competences, and reinforced the mobility of researchers,
thus contributing to the understanding of the Red Sea-
Gulf of Aden rift system.

This volume, comprising eight sections, presents
results of extensive research carried out by 62 scientists
based mainly in different European and Middle East
countries. It represents a valuable reference for all
potential users (students, geoscientists and climatolo-
gists), since it covers most aspects of rifting mechanisms,
starting with the geophysical, magmatic and structural
framework of rifts, through early rift sedimentation and
tectonics, syn-rift sedimentation, diagenesis of rift

sediments and, finally, post-rift sedimentation and
geochemistry. The originality of this volume is that,
for the first time, rift evolution is treated from many
angles. The compilation includes items of varying scale
ranging from ‘broad-brush’ plate tectonics to micro-
scopic sedimentary components, all relating to a
common factor — rift dynamics and evolution. This
compilation is also based both on classical onshore field
studies and on offshore oceanographic methods, giving
a balanced picture of rift dynamics and its sedimentary
expression. It also discusses both the superficial and
deep-crustal expressions of a given set of geological
events.

Finally, the Red Sea—Gulf of Aden volume represents
a genuine step forward in the knowledge of the
sedimentary processes within rift systems. Although
discussed mainly in terms of a specific rift-type basin, the
results may be readily extrapolated to other parts of the
world and thus be utilized as a comparative model for
the better understanding of rift-type basins in general. In
particular, this volume provides a unique source of new
data readily accessible to all researchers working on the
plate tectonics of new ocean basins and the economically
important sedimentary fill of rifts.

Gilles Ollier

European Commission

Directorate General XII

Science, Research and Development



Section A
Introduction




Chapter A1

Organization and scientific contributions

in sedimentation and tectonics of rift basins:
Red Sea-Gulf of Aden

B. H. Purser and D. W. J. Bosence

This volume comprises thirty-two chapters arranged in
eight sections examining the various controls on the
sedimentological evolution of the Red Sea—Gulf of Aden
rift system. The book synthesises and provides new case
studies of land-based and marine research carried out by
62 scientists based largely in Europe and the Middle
East. This introduction outlines the significance of the
Red Sea-Gulf of Aden to studies of rift basins, the
organization, and the major contributions of this
volume.

SIGNIFICANCE OF THE RED SEA AND GULF
OF ADEN AS A NATURAL LABORATORY
FOR RIFT BASIN STUDIES

The scale and geography of the Red Sea-Gulf of Aden
rift system

The rift system extends from the Gulf of Aden to the
northern end of the Gulf of Suez — a distance of about
3500 km. Because the Red Sea is essentially oriented
north-north-west—south-south-east, it covers 20° degrees
of latitude and thus a considerable range of climates
ranging from tropical oceanic in the Gulf of Aden, to
temperate intracontinental settings in the northern Red
Sea and Gulf of Suez. These major geographic varia-
tions are also associated with varying degrees of aridity
relating partly to increased monsoon effects towards the
Indian Ocean. Since the late Oligocene this rift system
has included a wide range of continental and marine
environments, with present depths locally attaining
2200 m. The hydrographic factors are also influenced
by the presence of the Bab el Mandab sill (present
depths about 140 m) whose presence has influenced

marine faunas, notably during lowering of global sea
level.

This wide range of climatic and hydrographic vari-
ations, together with a complex tectonic history, are
reflected in the great variety of sediments whose
depositional environments include continental, coastal,
open shelf, deep slope and oceanic settings. The Red
Sea-Gulf of Aden rift system therefore is justly consid-
ered as the world’s best natural laboratory within which
one may study the tectonic and climatic controls on a
wide range of sedimentary environments.

The sedimentary expression of rift evolution

The Red Sea—Gulf of Aden rift system, since its
initiation in the late Oligocene, has evolved from a
series of shallow continental depressions to a relatively
deep, oceanic trough. Its history therefore is recorded in
continental, transitional and marine environments,
relating to different stages of structural evolution. This
rift basin, therefore, is not limited to lacustrine, intra-
continental or oceanic settings but reflects extensional
tectonism in a range of major sedimentary regimes.

Evolutionary stages of the rift system

Various stages of rift evolution are recorded in different
parts of the rift; the Gulf of Aden segment has evolved
from rift to drift and is now in the post-rift phase, the
Red Sea is in an early post-rift stage with incipient ocean
basin formation, while the southern parts of the Gulf of
Suez are still in the syn-rift phase. Thus, virtually all
phases of rift geodynamics may be examined within this
system.
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Variable geotectonic settings of the rift system

The system comprises both active, plume-related rifting
in the southern Red Sea as well as passive rifting in the
Gulf of Aden, northern Red Sea and Gulf of Suez.
These basic differences are reflected in the nature and
timing of major unconformities in the rift basins and
occurrence of thick, pre- and syn-rift volcanics in the
southern Red Sea.

Economic implications

Rift studies presented in this volume are based on
outcrop, remote sensing and subsurface data and as
such, some provide integrated three-dimensional pic-
tures of rift basin evolution essential for exploration and
development of rift basin siliciclastic and carbonate
reservoirs. This is particularly significant for providing
analogues for exploration in the deeply buried, rifted
North Sea and Atlantic margins.

The exceptional quality of outcrops

Because of arid conditions and considerable peripheral
uplift, outcrops of pre-, syn-, and post-rift strata are
often exceptionally well exposed; this being particularly
true of the north-west Red Sea and Gulf of Suez, and
the Gulf of Aden. Large outcrops cut by numerous deep
wadi systems often enable three-dimensional study of
reservoir-scale sediment geometries and the evolution of
fault and fracture systems. A more humid climate would
certainly have masked many of the attributes of rift
sedimentation and tectonics.

The above factors combine to make the Red Sea—
Gulf of Aden one of the world’s best natural laborato-
ries in which to study the geological evolution of
extensional basins.

THE ORGANIZATION OF THIS VOLUME

The 32 individual contributions comprising this volume
cover most aspects of sedimentation and rifting. Fol-
lowing a review of rift basin stratigraphy section (A),
section B reviews the magmatism and structural evolu-
tion of the Red Sea-Gulf of Aden rift that form an
important framework for the subsequent sedimentolog-
ical chapters. Eight further sections (C to H) treat
specific phases or aspects of rift evolution from pre-rift
to post-rift environments. The geographic and strati-
graphic localities of these studies within the rift basin
(Figures Al.1 and A1.2) should help selective reading.
References cited in individual contributions are all
grouped in a single list at the end of the volume.
Although most aspects of rifting are treated, this
volume should not be regarded as a synthesis of the

Figure A1.1  Map of the Red Sea and Gulf of Aden showing the
location of the various contributions (chapters) to this volume.
Numbers correspond to the chapters.

sedimentary evolution of the rift basin. Rather, it is an
attempt to describe, analyse and compare the many
processes related to rifting and thus may help in the
understanding of other comparable sedimentary basins.
Readers concerned with palaeogeographic evolution of
the region are advised to consult the recent World Bank-
sponsored project (Crossley et al. 1992).

This volume is concerned mainly with the relation-
ships between sedimentation and rifting. In spite of the
fact that sedimentation in the Red Sea-Gulf of Aden
basins is an extensional basin, many authors also stress
the importance of climatic and other factors unrelated
to rifting. Thus the volume tries to give a balanced
picture of all the major processes concerned with
sedimentation within the rift system.

SOME MAJOR CONTRIBUTIONS OF THIS
VOLUME

Geophysical, structural, and magmatic framework

Geophysical data on the nature and timing of basin formation
The abrupt ocean—continental crust transition along the
western margin of the Red Sea suggests that the early
basin had a transform margin that was subsequently
(22 Ma) dominated by extensional tectonics. Axial
oceanic crust may have started at 10-12 Ma in the
Red Sea but with rapid dike injection in the axial
troughs starting at about 5 Ma.
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Figure A1.2  Cartoon showing the geological distribution of the various sections (B-H) of the book within a rift system.

Plume-related magmatism dominates the eastern margin of the
Red Sea

Magmatism in Yemen and Saudi Arabia is linked to
upwelling mantle plumes beneath Afar and ocean-floor
spreading in the Red Sea and Gulf of Aden. “AR/*Ar
dating reveals three phases of volcanism related to rift
basin evolution: the pre-rift, large igneous province in
Yemen and alkaline volcanism in Saudi Arabia, syn-rift
dikes, plutonic and hyperbyssal rocks, and the very
extensive Saudi Arabian and Yemeni post-rift alkaline
province.

New outcrop, Landsat, well and seismic data reveal insights into
structural evolution

Structural and stratigraphic reconstructions of opposing
margins of the Gulf of Aden indicate west-north-west—
east-south-east trending half-graben separated by trans-
fer zones developed in the early- to mid-Oligocene.
Transfer zones coincide with later transform faults and
half-graben (< 20 Ma) with sea-floor spreading centres.
In the younger, syn-rift, Gulf of Suez, detailed analyses
reveal a multiphase structural evolution with inherited
north-north-east trending transfer faults in the earliest
Miocene.

1. Pre- and early-rift environments

Cretaceous and Eocene sediments are well developed in
Yemen as the Tawilah Sandstone which has much in
common with the continental parts of the Nubian
Sandstone of Egypt, the latter being the principal oil
reservoir in the Gulf of Suez. In Egypt the syn-rift
unconformity is often a flat, slightly angular discordance
generally lacking conglomerates or other erosional
features.

Inheritance of Precambrian structural trends

Rejuvenation of pre-rift fault systems within the under-
lying crystalline basement has strongly influenced the
geometry of early- and syn-rift structural trends and
thus the distribution and the nature of sediments within
the rift.

The absence of pre-rift doming

This is indicated by the nature of the syn-rift unconfor-
mity, by the preservation of pre-rift sediments within the
axial parts of the Gulf of Suez and northern Red Sea,
and by the frequently fine-grained textures of early syn-
rift sediments in the Gulf of Suez and in the Gulf of
Aden.

Early syn-rift morpho-structural framework

Initial strike-slip faulting was often oblique and discon-
tinuous with respect to the subsequent north-north-
west-south-south-east axis in the Gulf of Suez. It was
associated with low continental relief whose depressions
(half-graben) were filled with alluvial fan, playa and
flood-plain sediments. Comparable facies also occur in
Yemen, Somalia, northern Sudan, in Saudi Arabia and
in Egypt. Lacustrine deposits generally are poorly
developed.

Magmatic activity

The main phase of magmatic activity (31-26 Ma)
predates extension in the southern Red Sea. Basalts in
the north-west Red Sea and Gulf of Suez are younger
(25 Ma) and are interbedded within the continental,
early-rift sediments.



6  Organization and scientific contributions

2. Syn-rift environments

First marine transgression

Latest Oligocene (Chattian) faunas are recorded from the
Gulf of Aden, Red Sea and the Gulf of Suez while
Aquitanian microfaunas, identified from the north-west
Red Sea (Gebel Honkorab), post-date local block
faulting. The regional distribution of dated marine
sediments is insufficient to confirm the frequently pro-
posed northwards propagation of the rift system, e.g.
opening from the south (Indian Ocean). The extensive
post-31 Ma magmatism and uplift in the southern Red
Sea also argues against a connection through to the Gulf
of Aden. Numerous reefs of mid-Miocene (Langhian—
Serravallian) age which have Mediterranean coral faunas
confirm independence, at least during the mid-Miocene,
of the Red Sea from the Gulf of Aden.

Major phase of rifting

Probably diachronous on a regional scale, the major
subsidence and creation of tilt-blocks occurred during the
early Miocene both in the Red Sea and Gulf of Suez. In
the latter region it is expressed by the formation of north-
north-west-south-south-east oriented tilt-blocks and
half-graben containing up to 4000 m of Lower to Middle
Miocene open marine sediment. In the Gulf of Aden
where rift sedimentation starts in the early Oligocene, the
marginal relief was lower and sediment supply higher,
and the classic half-graben fills are not developed.

The tilt-block [half-graben model

Early Miocene tilt-blocks, notably in north Sudan,
north-west Red Sea (Egypt) and southern Gulf of Suez,
constitute nuclei for the accumulation of shallow marine
sediments whose geometries, depositional sequence
boundaries and thickness variations are controlled to a
large extent by the structural attributes and tectonic
rejuvenation of each block. However, this tilt-block
model does not apply to syn-rift sedimentation in the
Gulf of Aden (southern Yemen and Somalia) which is
characterized by low relief and little wedging of strata
into half-graben.

Carbonate platform initiation and development

Carbonate platforms are often regarded as post-rift
features. However, in the north-western Red Sea (Sudan
and Egypt), shallow marine carbonates with multiple
reef bodies, develop in the syn-rift phase near the crests
of tilt-blocks. Accretion, controlled by accommodation
space generated by synsedimentary tilting, varies ac-
cording to the tilt direction, axial plunge and position of
the block with respect to the rift periphery.

Siliciclastic sedimentation and cross-faulting
Topographic corridors created by cross-faults and/or
transfer zones tend to funnel siliciclastic sands and

gravels towards the axis of the rift where they accumu-
late as localized shallow marine fans and turbidites.

Evaporite sedimentation and rift evolution

Unlike many rift basins, the evaporites of the Red Sea rift
system are not limited to the initial marine transgression
but occur throughout the syn- and post-rift phases. The
principal mid- to late Miocene evaporites partly predate
the well-known Messinian evaporites of the Mediterra-
nean basin. Increasing salinity was caused by progressive
isolation from the parental Mediterranean by a topo-
graphic barrier situated north of the Gulf of Suez.

Salt-tectonics

Rejuvenation of pre-evaporite extensional fault systems
has stimulated diapirism and other evaporite remobili-
zation structures in the southern Gulf of Suez and the
Red Sea. The bathymetric relief created by halokinetic
movements has strongly influenced late and syn-rift
sedimentation; carbonate platforms have formed on the
diapirs whose flanks are onlapped by siliciclastics.

Diagenetic modifications of syn-rift carbonates

Most carbonates have been dolomitized or replaced by
secondary sulphate. Isotopic signatures suggest that
dolomitization is related to heated sea waters whose
movements are favoured by the steep bathymetric relief
permitting the penetration of sea water into the
sedimentary cover, and by high thermal gradients
stimulating convectional circulation.

Diachronism of the syn- to post-rift transition

The age of the post-rift unconformity varies from the
Gulf of Aden where it is late Miocene to the Red Sea
where it occurs at the end of the Pliocene. Therefore, the
Gulf of Aden and the Red Sea are in the post-rift phase.
The southern parts of the Gulf of Suez have undergone
subsidence and some block rotation since the Miocene
and are still in the syn-rift stage, while the central and
northern parts of the Gulf of Suez appear to be more
stable. In sum, the rift system has evolved to a greater
degree within the Gulf of Aden than in the northern
segments.

Tectonic control of syn-rift stratigraphy

In Yemen, Sudan and in Egypt, lithostratigraphic
boundaries, marked by angular unconformities, gener-
ally coincide with major changes in sedimentary envi-
ronment recording major changes in the architecture of
the rift. These boundaries may be correlated for several
hundreds of kilometres, although they may not be
synchronous. On a smaller scale, depositional sequence
boundaries may result either from eustatic sea-level
fluctuation or, more frequently, to tilting of individual
blocks and cannot be correlated from one tilt-block to
another.



Tectonic instability recorded by synsedimentary deformation
Most early, syn- and post-rift sediments exhibit strati-
form deformation whose character and frequency de-
pend on the diagenetic state of the sediment and its
proximity to inclined surfaces. These deformations may
be formed in situ or may result from intrastratal
shearing and sliding. Hydroplastic and brittle (breccia)
deformations probably record seismic events. These
‘seismites’ are particularly frequent near tectonically
controlled stratigraphic boundaries.

3. Post-rift environments

Ocean-floor spreading and drifting

In the Gulf of Aden ocean-floor spreading and dike
injection occurred at about 20 Ma. In the southern Red
Sea scarps bordering the axial trough cut both Miocene
evaporites (‘reflector S’) and much of the Plio-Quater-
nary cover. Local cells of basaltic extrusion started at
10-12 Ma and major drifting appears to have begun
about 5 Ma, e.g. early Pliocene. There is no axial
magmatism in the northern Red Sea although peri-axial
scarps are well developed. Because drifting is limited to
the north-west by the Aqaba transform zone, there is no
deep axial zone in the Gulf of Suez.

Deep axial sedimentation and diagenesis

Post-rift sediments within the axial zone have multiple
origins: iron and manganese oxides and anhydrite are
related to axial brines while argillaceous clays (smectite,
palygorskite) relate both to detrital (continental) sources
and ocean-floor diagenesis. Relatively abundant (up to
40%) detrital quartz and feldspar have been delivered by
fluviatile and aeolian processes while pelagic carbonates
are composed of globigerinid foraminifera and ptero-
pods. Both the pelagic carbonates and the siliciclastic
sands occur in the form of turbidites derived from the
steep escarpments flanking the axial trough.

Peripheral reef terraces and structural stability
Pre-Quaternary (Pliocene) strata outcropping along the
north-west coast of the Red Sea dip towards the rift axis
and are truncated by a series of subhorizontal reef
terraces dated by U/Th isotopes. The most extensive,
125000 Y (Eemian) terrace has a relatively constant
altitude (about 8 m) along 400 km of Red Sea coast
indicating tectonic stability. However, within the south-
western parts of the Gulf of Suez it varies in height, and is
locally tilted to 20 m, indicating that this segment of the
rift is tectonically active and still in the syn-rift phase.

Peripheral uplift

Fission track and geomorphological studies both in
north Yemen and in Egypt show that peripheral uplift
relating to syn-rift isostatic compensation, is still active.
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Uplift of the rift shoulders occurred mainly during the
Miocene.

4. Non-tectonic factors affecting sedimentation within
the rift basin

Arid climates have favoured the coexistence of carbonates and
siliciclastics

Although syn-rift carbonates are better developed on
the crests of tilt-blocks and siliciclastics are deposited
either in the axes of half-graben or within cross-fault
depressions, both facies are often interbedded, both on
highs and in lows; carbonates and clastics are not
necessarily antagonistic. This intimate association seems
to be related to weathering in dry climates which
produces little argillaceous sediment. Coarse clastics
are delivered during intermittent periods of flash-flood-
ing and the rapid return to clear waters favours renewed
carbonate sedimentation.

Winds today, in the Red Sea and probably in the
past, are predominantly from the north-west and
therefore are parallel to the rift axis. Within mid-
Miocene and Pliocene syn-rift sediments this polarity is
expressed by the leeward accretion of some shelf and
slope deposits.

Glacial eustacy

Global eustatic effects expressed by sequence boundaries
are difficult to demonstrate within the syn-rift sediments
because of repeated structural movements. However U/
Th and strontium isotope dates illustrate that glacio-
eustacy, and locally salt tectonics, controlled sea-level
changes in the Quaternary. On open marine shelves and
in deep axial environments, the 19 000 BP glacial low is
recorded by isotopically positive lithified crusts often
associated with sapropels. These crusts formed in
hypersaline waters whose reducing environments fa-
voured the preservation of organic matter. These
stagnant bottom waters were related to the barrier-
effects of the Bab el Mandab sill which almost isolated
the Red Sea during the last glacial maximum. This
isolation also resulted in the extinction of many Red Sea
faunas whose present character is related to post-glacial
Indian Ocean infiux.
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Chapter A2

Stratigraphic and sedimentological models of
rift basins

D. W. J. Bosence

ABSTRACT

This chapter reviews models for the stratigraphic and
sedimentological evolution of rift basins at the basin
scale and at the half-graben or facies model scale.
Different models have been presented for the geotec-
tonic evolution of rifts (pure shear, simple shear,
heterogeneous stretching and volcanic- or plume-related
rifts) and these are reviewed. The different stratigraphic
signatures of each of these geotectonic models are
discussed in terms of the nature and the occurrence of
pre-rift strata, syn-rift unconformity, syn-rift strata,
post-rift unconformity and post-rift strata. This simple
stratigraphic analysis reveals that each geotectonic
model should have a unique stratigraphic signature that
has not been previously documented. The stratigraphic
signatures of the Gulf of Suez, Red Sea and Gulf of
Aden are reviewed and compared with the geotectonic
models previously proposed for these basins. It is
concluded that the pure shear model is applicable to
all basins and that the southern Red Sea is modified by
plume-related volcanism.

Rift basins are reviewed at the half-graben or facies
model scale where recent advances in structural and
sedimentary geology have revealed a complex and
evolving three-dimensional template for erosion, sedi-
ment production, sediment transport and deposition.
New facies models for the tectono-sedimentological
evolution of rift basins are proposed in the light of the
three-dimensional structural models. Recent work ap-
plying sequence stratigraphic concepts to rift basins is
reviewed which illustrates that the recognition and
nature of depositional sequences at a variety of scales
gives important information on the tectono-sedimentary

evolution of rift basins. These include the timing and
style of fault movement, the complexity of relative sea-
level changes on rotating fault blocks and transfer zones,
and the temporal and spatial isolation of clastic and
carbonate facies associations in depositional sequences.

INTRODUCTION

The stratigraphy of rift basins is controlled by a variety
of tectonic, climatic, magmatic and sedimentary pro-
cesses which all leave distinctive signatures in the
sedimentary record. A number of different geotectonic
models of extensional basin formation have been pro-
posed and applied to different rift basins. The strati-
graphic signatures of these different rift process models
have not been investigated in such detail and this is
addressed in this chapter. The basin-scale stratigraphic
history of the Gulf of Suez, Red Sea and Gulf of Aden is
also reviewed in the light of new data presented in this
volume and compared with the various geotectonic
models that have been proposed for these basins.

At the sub-basin scale the evolving three-dimensional
history of half-graben and transfer or accommodation
zones is crucial to the understanding of the development
of facies and depositional sequences. Previously, largely
two-dimensional facies models have been presented for
half-graben basin evolution and these are reviewed and
revised as three-dimensional models of facies evolution
through time to illustrate the different stages of rift basin
evolution.

Finally, the application of sequence stratigraphic
concepts to extensional basins is discussed. Important
characteristics of the tectono-sedimentary evolution of

Sedimentation and Tectonics of Rift Basins: Red Sea—Gulf of Aden. Edited by B.H. Purser and D.W.J. Bosence. Published in 1998 by Chapman &
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half-graben that affect depositional sequences are the
rotation of fault blocks which leads to synchronous
relative sea-level rise and fall in hangingwall and
footwall locations respectively, the temporal and spatial
isolation of carbonate and clastic facies associations in
depositional sequences, and the rates of fault-slip in
relation to rates of sediment supply and regional or
global sea-level change.

RIFT BASIN MODELS

During the 1970s and 1980s a number of geotectonic
models of rift basins were proposed and applied to
basins such as the North Sea, Gulf of Suez and the early
stages of evolution of the Atlantic Ocean margins. These
models have been broadly classified by Sengor and
Burke (1978) into passive rift models (pure shear, simple
shear and heterogeneous stretching models, below), in
which the extension is generated by plate movements
external to the rift basin and the input of asthenospheric
material is a passive response to lithospheric thinning.
Alternatively, active rifting occurs where extension
relates to the involvement of hot asthenosphere through
decompression melting and volcanic plumes.

In the pure shear model (McKenzie 1978) the crust is
uniformly and instantaneously extended by homoge-
neous, pure shear by faulting and rotation of strata in
the brittle upper crust and ductile deformation in the
lower crust and the formation of a symmetric rift basin
(Figure A2.1(a)). Such symmetric rift basins are defined
by two rift border faults dipping towards each other as
was proposed by early works on the Rhine graben
(reviewed in Einsele, 1992) and the Red Sea (Lowell and
Genik, 1972). A two-stage history of basin evolution is
proposed based on an isostatic response to the initial
stretching and thinning of the brittle crust leading to
subsidence followed by the longer period of thermal
cooling of the lithosphere and subsidence.

An asymmetric graben structure was subsequently
proposed by Wernicke and Burchfiel (1982) and Wer-
nicke (1985) and illustrated in deep seismic reflection
profiles (e.g. Beach, 1986; Blundell et al., 1991). These
studies indicate that extension may take place by simple
shear along an intracrustal detachment surface (Figure
A2.1(b)). The low-angle detachment results in a prox-
imal or footwall margin with thinning and associated
subsidence of rotated fault blocks in the brittle upper
crust, but with little or no thinning of the mantle
lithosphere. The distal or hangingwall margin of the
basin in this model is affected mainly by thinning of the
lithospheric mantle which will undergo thermal expan-
sion (McKenzie, 1978), resulting in uplift and erosion
which is then followed by thermal subsidence. Therefore
the proximal mechanically rifted area is laterally sepa-

Figure A2.1 Models of the formation rift basins. (a) Pure shear model
(after McKenzie, 1978). (b) Simple shear model (after Wernicke and
Burchfiel, 1982). (c) Heterogeneous stretching model (after Coward,
1986). (d) Plume-related model (after White and McKenzie, 1989).

rated from the distal thermally subsiding basin (Figure
A2.1(b)).

The heterogeneous stretching model of Coward
(1986) involves an upper crustal zone of rotated fault
blocks which propagate laterally away from the rift on a
low-angle lithospheric detachment (Figure A2.1(c)).
This is accompanied by extension and thinning of the
underlying lower ductile crust and lithospheric mantle.
In this case a period of uplift and erosion of fault blocks
will occur over the thinned ductile zone from thermal
expansion prior to thermal cooling and subsidence.

Many rift basins may be affected by small amounts of
magmatic activity throughout their history and in
response to lithospheric stretching (Storey et al., 1992).
However some rift margins may be locally or temporally
associated with mantle plumes and the eruption of large
igneous provinces such as the Deccan Plateau of India,
the Parana of Brazil and the Yemen—Ethiopia—Eritrea
volcanic province in the southern Red Sea (White and



McKenzie, 1989). Such associations have given rise to
the active, volcanic- or plume-related rift models (Figure
A2.1(d) (White, 1987; White and McKenzie, 1989), or
‘open-system extensional model’ of Leeder (1995). These
are considered to give rise to very different rift basin
histories than those generated by lithospheric stretching
alone and have been modelled by Braun and Beaumont
(1989a). Magmatism occurs when a rifted and thinned
continental lithosphere passes over a region of hot
asthenosphere or plume. Decompression and partial
melting from relatively small rises in temperature lead to
massive outpourings of basaltic lava (White and
McKenzie, 1989) which is broadly synchronous with
rifting. Plume-related magmatism is thought to have an
important effect on subsidence, and uplift of extensional
basins through the addition of lower density igneous
material at the base of the crust (underplating), dynamic
support by the upwelling plume and the reduction in
density as the asthenosphere cools following volcanism.
Depending on the amount of stretching of the litho-
sphere and the thermal anomaly, it has been proposed
that a plume-related rift may ‘remain near to or above
sea-level as a margin rifts’ (White and McKenzie, 1989).
If the plume is present prior to rifting then it may cause
uplift of up to 1 km or more over a broad 1500 to
2000 km dome. Because of the nonlinear effects of
plumes they may be limited both spatially and tempo-
rally as indicated by the Yemen margins of the Red Sea
and Gulf of Aden (Chazot et al., this volume). Follow-
ing rifting and magmatism the margin will subside
thermally as the asthenosphere cools. However, because
of magmatic underplating or residual thermal effects
they may not subside as much as rifts generated
dominantly by mechanical stretching.

STRATIGRAPHIC RESPONSE TO DIFFERENT
GEOTECTONIC RIFT-BASIN MODELS

Classification of rift basin stratigraphy

Rift basin fills have been classified in accordance with
the different stratigraphic stages in their tectono-sedi-
mentary evolution. The different usages of these impor-
tant stratigraphic stages and their bounding
unconformities are discussed below.

Pre-rift strata (Figure A2.2)

Falvey (1974) initially introduced the terms infrarift for
strata deposited prior to rifting but subsequent authors
have largely followed Grow et al. (1983) and Badley et al.
(1984) by using pre-rift for these strata. The upper
surface of pre-rift strata is the syn-rift unconformity or a
superimposed post-rift unconformity (see below).
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Figure A2.2 Terminology of rift-basin stratigraphy used in this
chapter.

Syn-rift unconformity (Figure A2.2, SRU)

The unconformity between the pre-rift and the syn-rift is
either a widespread or local erosion surfaces that are
readily defined by an unconformity surface on rotated
fault blocks with onlap of syn-rift strata (e.g. Schlische
and Olsen, 1990). Surprisingly this unconformity does
not appear to have been previously named and is named
here as the syn-rift unconformity (SRU) as it is
generated prior to and during rifting and underlies
syn-rift strata.

Syn-rift strata (Figure A2.2)

Syn-rift strata are sediments deposited during active
mechanical extension and subsidence (Badley et al.,
1984; 1988; Grow et al., 1983) and are equivalent to the
‘rift” phase of Falvey (1974) and the ‘synrift megase-
quence’ of Hubbard (1988). Syn-rift strata are recog-
nizable by repeated thickening (fanning) of strata into
hangingwall basins near faults, by facies variations (e.g.
footwall derived fans) adjacent to faults, soft sediment
deformation structures and by fewer drag effects (i.e.
compactional) adjacent to faults (Prosser, 1993). Care
should be exercised in using the term syn-rift because
one part of a basin may show the above features but
another part may be tectonically inactive during the
same period of time. Thus the term syn-rift is used either
in a local sense only where there are stratigraphic
features indicating syndepositional fault movement, or it
may be used in a more general time-stratigraphic sense
to indicate a period of time of basin evolution generally
characterized by mechanical extension. Because of the
difficulty of identifying true syn-rift from post-rift in
some seismic sections Frostick and Steel (1993, p. 122)
suggest that for convenience of description authors
should ‘refer to the entire infill between adjacent rotated
blocks as syn-rift’; however, this seems a retrograde step
and such strata might be better referred to simply as rift
strata or rift basin fill.
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Post-rift unconformity (Figure A2.2, PRU)

This surface was initially labelled the ‘break-up uncon-
formity’ by Falvey (1974) as it was considered to be
generated by the onset of sea-floor spreading. However,
this usage cannot be applied to continental basins or to
failed maritime rifts such as the North Sea, which have
not experienced sea-floor spreading but do have strata
deposited after extensional fault movement has ceased.
Grow et al. (1983) and Badley et al. (1984, 1988)
therefore use the term post-rift unconformity for the
erosional surface which marks the base of strata
deposited during thermal or post-rift subsidence phase
of basin evolution.

Post-rift strata (Figure A2.2)

Post-rift strata are those overlying the post-rift uncon-
formity and are deposited during the stage of post-rift
thermal subsidence (Badley et al., 1984; Grow et al.,
1983). Hubbard (1988) uses the terms ‘passive margin’
or the ‘passive wedge’ for these strata. Although this
stratigraphic stage is labelled as post-rift it should be
remembered that the basin may still be classified as a rift
basin until it evolves either, seamlessly over time into a
mature passive margin of an oceanic basin, or as a failed
rift. The post-rift phase is commonly marked by thick,
onlapping and offlapping, stratigraphic sections which
may be initially sawtooth-shaped if there are remnants
of the half-graben topography unfilled from the syn-rift
phase. Subsidence is controlled by cooling and increase
in density of the lithosphere and asthenosphere and will
occur over a larger area than subsidence generated by
mechanical extension. Maximum subsidence will occur
over sites of the most thinned mantle lithosphere, and
differential subsidence may be accommodated by nor-
mal fault movement which is planar and vertical
(Bosworth et al., this volume). Subsidence is increased
by sediment and water loading (Bott, 1992).

While these terms are of use in subdividing the
package of rift basin fill it should be appreciated that in
detail there may be many episodes of fault movement
and quiescence during the syn-rift phase (e.g. Hubbard,
1988; Bosence et al., 1996) and, during the evolution of a
rift, faulting may be both episodic and diachronous with
different syn-rift to post-rift phases (e.g. Tankard and
Balkwill, 1989, Figure 5). The terms defining strati-
graphic fills do not imply facies associations or palaco-
environments and are applicable to rifts which are
essentially continental in their origin (e.g. Himalya-
Baikjal rift and Rhine rift) or to those that evolve from
continental to marine environments (e.g. Red Sea—Gulf
of Aden, Reoconcavo, Brazil).

Subsidence and rift basin geometry

The first-order stratigraphic response to continental
crustal extension is subsidence and filling of accommo-

dation space. Subsidence occurs through isostatic read-
Justments to extended and thinned continental crust,
through sediment loading of the basin but in part is
compensated for by thermal uplift. Bott (1992) gives an
example of the different components of subsidence as
rifted continental margins evolve into passive margins
which have undergone 30 km of crustal thinning. This
yields 5.2 km of submarine subsidence in the absence of
other factors. Thermal cooling and subsidence will
follow an initial phase of decompression melting induced
by lithospheric stretching (McKenzie, 1978). Bott (1992)
calculates that a relatively rapid 3 km of thermal uplift
will follow from the initial 30 km of thinning (above)
reducing the effective subsidence to 2.2 km but that this
would be followed by about 3 km of slow thermal
subsidence so that the net effect is 5.2 km of subsidence.
Sediment loading will amplify this response and if
average sediment density is taken as 2630 kg/m> and
accommodation space in the syn-rift and post-rift stages
is filled to sea level then sediment thickness will be 3.2
times the original water depth resulting in up to 16.6 km
of sediment. Conversely, plume-related rifted margins
will be expected to either remain at sea level or be
uplifted by up to I km (White and McKenzie, 1989) and
have very little sedimentary infill.

Viewed at this scale, syn-rift to post-rift basin-fills are
saw-shaped in cross-section and thin to a sediment
starved basin depocentre and to the rift basin margin.
The stratigraphic fill is characterized by aggrading and
prograding geometries with surfaces dipping into the
enlarging accommodation space in the basin centre. The
lower surface of the basin is sawtooth-shaped in section
resulting from burial of the half-graben topography
(Figure A2.1). Post-rift subsidence is more widespread and
post-rift strata onlap outer marginal areas of the rift basin
as has been modelled by Cochran (1983a) and may be
spatially separated from the mechanically rifted region.

Basin-scale stratigraphic responses to models
of rifting

The stratigraphic divisions defined and discussed above
provide a very useful terminology for the first-order
description and analysis of rift basins. These subdivi-
sions of basin fill can be used to characterize the evolving
stratigraphy that develops in response to the different
tectonic and magmatic controls within the various
models proposed for rifting. The stratigraphic responses
to the various geotectonic rift models have not been
previously investigated in any consistent way, and this is
presented below and in Figures A2.3. and A2.4. For
each model schematic stratigraphic panels illustrate the
different stratigraphic relations and degree of develop-
ment of rift-related strata and unconformities in axial
and lateral portions of the rift basin.



Figure A2.3 Models of rifting and predicted nature of stratigraphic
fills in rift basins resulting from (a) pure shear, and (b) simple shear.

In the pure shear model (Figure A2.3(a)) there is no
uplift predicted prior to rifting and the rift basin will be
locally floored by a syn-rift unconformity developed
over the footwall highs of rotated fault blocks. Hang-
ingwall areas may show little stratigraphic break from
the pre-rift to the syn-rift. Syn-rift strata may be well
developed in basins with rapid sediment supply in
response to the accommodation space generated by
lithospheric stretching and thinning. The post-rift un-
conformity may be a prominent surface which will
extend laterally over the rift shoulders, and post-rift
strata will occur in accommodation space generated by
the thermal subsidence phase.

The simple shear model is predominantly character-
ized by differing distal and proximal regions (Figure
A2.3(b)). The syn-rift unconformity is locally developed
in proximal areas in response to stretching, fault-block
rotation, and footwall uplift as discussed above. How-
ever, a regional syn-rift unconformity will be present in
the distal region as this area will be uplifted in response
to mantle heating and upwelling (Wernicke, 1985). Syn-
rift strata will be well developed in the proximal area as
accommodation space is generated by the subsiding and
rotating fault blocks over the lithospheric detachment.
No syn-rift strata are present in distal sites as this area is
undergoing uplift and erosion. The post-rift unconfor-
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Figure A2.4 Models of rifting and predicted nature of stratigraphic
fills in rift basins resulting from (a) heterogeneous stretching, and
(b) mantle plume.

mity is present in both distal and proximal regions and
in the former is likely to represent a long-lived break in
deposition superimposed on the extensive syn-rift un-
conformity. Post-rift strata are thin in proximal areas
because of limited upper mantle thinning and conse-
quent thermal subsidence. Subsidence in this area will
also be controlled by the isostatic adjustments caused by
erosion in the breakaway range and any addition of
magma to the base of the crust (Wernicke and Tilke,
1989). Distal post-rift strata are expected to be wide-
spread in response to thermal subsidence of this area.
Basin margin footwall uplift (e.g. rift flank uplift) will
relate to a combination of unloading and flexural
isostacy which are both synchronous with axial exten-
sion and subsidence (Braun and Beaumont, 1989b).
The heterogeneous stretching model (Figure A2.4(a))
also has a very distinctive combination of unconformi-
ties and basin fills, and part of the evidence for the
erection of the model was based on the occurrence of a
regionally extensive syn-rift unconformity around the
North Sea Central Graben (Coward, 1986). This may
develop locally from a combination of footwall uplift,
fault-block rotation but more regionally from isostatic
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uplift in response to thinning of the lower crust and/or
lithospheric mantle. It therefore differs from the simple
shear model where mechanical and thermal subsidence
are spatially separated. Syn-rift strata may or may not
be present in the inner zone of regional uplift but will be
well preserved in the outer zone (Figure A2.4(a))
particularly in response to laterally propagating half-
graben. A widespread post-rift unconformity overlain
by post-rift strata are present in this model which may
be superimposed on or cut the syn-rift unconformity in
the formerly uplifted inner zone. Thinly developed post-
rift strata are expected in areas overlying laterally
propagating syn-rift sub-basins as they are not underlain
by thinned lower crust and upper mantle.
Plume-related (Figure A2.4(b)) rift basins are distinc-
tive because of their volcanic stratigraphy and their
unique subsidence/uplift history. Stratigraphic relations
are largely controlled by the timing of when the plume
affects the stretching margin (White and McKenzie,
1989). Two hypothetical examples are given in Figure
A2.4(b) for when the plume is synchronous with rifting
and when the plume is prior to rifting. If synchronous to
rifting then a local syn-rift unconformity will be
developed on footwall blocks as in the pure shear model
(above) which are covered by thick syn-rift volcanics.
The post-rift unconformity is followed by relatively thin
post-rift strata because of the predicted limited thermal
subsidence of these margins (White and McKenzie,
1989). If, however, the plume starts prior to rifting then
a 1000-2000 km broad 1-2 km high dome is predicted
to form with associated extensional tectonism. This will
generate a significant regional syn-rift unconformity
followed by thick volcanics and limited post-rift thermal
subsidence. The stratigraphy in the south-eastern Red
Sea (Yemen) differs from these two predicted patterns as
the volcanics are part of the pre-rift (Figure A2.4(b)

inset and discussion below). The crustal doming asso-
ciated with plumes should generate a pronounced radial
surface drainage pattern. If the doming is pre-rift then
the possibility exists that radial palaeocurrents may be
preserved in pre-rift strata. However, pre-rift doming
cannot be inferred from present-day radial drainage
patterns over some ancient plume-related rifts as has
been suggested by Cox (1989) as these patterns may
relate to lithospheric doming at any stage of the rifting
or post-rifting history.

APPLICATION OF RIFT MODELS TO THE
GULF OF SUEZ, RED SEA AND GULF OF ADEN

Of the three areas, the Gulf of Suez (Figure A2.5) has
been studied in by far the greatest detail both by
academic researchers and by oil company geologists.
The Red Sea (Figure A2.5) has not been studied in such
detail and here is considered in two areas: the southern
portion that was affected by mantle plume volcanism
and by initial phases of sea-floor spreading; the northern
portion which was not affected by such magmatism and
is discussed here together with the Gulf of Suez. The
Gulf of Aden has an earlier geological evolution from
the Red Sea and today represents a well established
ocean basin but the details of its stratigraphy are still
poorly known and so sections are not illustrated.

Gulf of Suez (Figure A2.5) and northern Red Sea

Pre-rift strata and syn-rift unconformity

Pre-rift Paleocene and Eocene strata form east-west
facies belts and facies deepen and thicken southwards
into the Gulf away from the east-north-east—west-south-
west Syrian Arc (Kuss, 1992). These strata then thin

Figure A2.5 Schematic cross-sections through (a) the southern Gulif of Suez (after Bosworth, 1995), and (b) southern Red Sea (after Mitchell ef af,
1992) illustrating basin morphology and major unconformities and stratigraphic intervals (not accurately scaled).



southwards on to the Kharga Arch (east-north-east—-
west-south-west) in the northern Red Sea and therefore
appear not be related to any extensional or transten-
sional tectonics of the essentially Neogene rifting in this
area (Patton et al., 1994). The syn-rift unconformity
shows only slight angularity where it overlies the Eocene
(Figure A2.5; Montenat ef al., this volume) and there is
no major hiatus on the eastern margin of the Gulf
(McClay et al., this volume). These relationships indi-
cate there is no evidence for widespread pre-rift doming
in this region (Patton et al., 1994).

Syn-rift strata

Onset of syn-rift sedimentation was earlier on the
eastern margin of the rift (Chattian) than on the western
margin (Aquitanian) (Dullo et al, 1983; Purser and
Hotzl, 1988; Montenat et al., this volume). The earliest
sediments on the rift margins (e.g. Abu Zenima
Formation) are generally fine grained, following thin,
local, basal conglomerates, and indicate no major
topographic relief at this time (Montenant et al., this
volume). However, subsurface data from the rift axis
indicates thick conglomerates and considerable relief
(Bosworth, 1995). The earliest marine syn-rift is of
Chattian age in the Midyan region of the north-east Red
Sea (Dullo et al., 1983) and the early syn-rift Nukhul
Formation (Aquitanian) thins northwards through the
proto Gulf of Suez rift basin (Patton ef al., 1994). Syn-
rift strata occur as classic wedge-shaped half-graben fills
within the basin (Figure A2.5) in response to a number
of locally variable pulses of north-east-south-west
extension (e.g. ‘mid-clysmic event’, Garfunkel and
Bartov, 1977). Hangingwall basins in the late Oligocene
to early mid Miocene are characterized by clastics and
marls and footwall crests may be carbonate platforms.
In mid to late Miocene the basin becomes partially
isolated and thick evaporites form (Figure A2.5). Data
in this volume (McClay et al.; Purser et al.) indicate that
coarse clastic material derived from uplifted marginal
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rift shoulders appears to occur synchronously with
mechanical extension and subsidence. Fission track
studies (Omar et al., 1989) suggest rift shoulder uplift
began at 22 Ma=+1 which is at, or soon after, the onset
of extension. With time the central and southern parts of
the Gulf narrowed with post-Miocene subsidence and
sedimentation concentrating in the axial parts of the
basin (Figure A2.5; Bosworth, 1995).

The early (late Oligocene—early Miocene) stages of
rifting in the northern Red Sea and Gulf of Suez are now
considered to be similar (Bartov et al, 1980). Left-
lateral shear on the Agaba-Dead Sea fault system,
which accommodates the continued extension of the
Red Sea, is thought to have started in the middle
Miocene (Bartov et al., 1980).

Post-rift unconformity and strata

The major phase of basin extension and subsidence is
considered by many (e.g. Bosworth, 1995; Patton et al.,
1994) to have ended by the Langhian, but rift shoulder
escarpments remain, minor fault movements and un-
conformities continue through to the present day. Some
workers (e.g. Orszag-Sperber et al., this volume) refer to
the Pliocene of the north-western Red Sea as post-rift; it
is marked by an unconformable lower surface; away
from salt structures it is relatively undeformed; it onlaps
the basin margins and shows downlap toward the rift
axis. Because of these varying signatures it can best be
concluded that the region is probably entering the post-
rift phase but that this will be dominated by structures
generated by salt tectonics (Figure A2.5).

Discussion

Earlier workers have suggested that active rift models
are appropriate for the Gulf of Suez because of the high
heat flow and the high rift shoulder uplift (Steckler,
1985). The absence of extensive volcanism (restricted to
minor volcanics in early phase of syn-rift) and a
significant and widespread pre-rift unconformity argue
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against pre-rift updoming. This suggests that passive
rifting models may be more appropriate (McClay et al.,
this volume). The rift shoulders are symmetric to the
basin and were formed synchronous with rifting and
therefore they are most likely to have formed through
flexural isostacy (Braun and Beaumont, 1989b). There is
little asymmetry to the basin, except at the half-graben
scale, and no evidence of a large offset or axial area
marked by pre-rift doming as is predicted by the simple
shear and heterogeneous-stretching models. The basin
has yet to move into a post-rift phase.

Therefore the stratigraphic signature of the Gulf of
Suez sub-basin, in particular the nature of the pre-rift
unconformity, and the symmetry of the basin and the
rift flanks suggest that McKenzie’s (1978) pure shear
model may be the most appropriate.

Southern Red Sea

Pre-rift strata and syn-rift unconformity

The pre-rift strata of the southern Red Sea comprise
continental clastics with a regional palacoslope to the
north-west and oblique to the present-day margins of
the Red Sea (Al-Subbary ef al., this volume). Slow rates
of deposition are indicated by extensive laterite palaco-
sols. Similar pre-rift strata are found in Saudi Arabia
(Abou-Ouf and Geith, this volume). These siliciclastic
units are conformably overlain by 1.0 to 1.5 km thick,
plume-related, basaltic-silicic volcanics of Yemen, Ethi-
opia and Eritrea (Chazot et al., this volume). These were
erupted over 2 m.y. from 30.9 to 26.5 Ma (late Rupelian
to Chattian) and were followed by extensional faulting
(Davison et al., 1994).

The syn-rift unconformity in the southern Red Sea is
poorly known. On the uplifted eastern marginal escarp-
ment erosion is down to pre-rift volcanics and sedimen-
tary rocks. On the coastal plain and shelf syn-rift strata
onlap pre-rift volcanics on the Yemen margin (Davison
et al., 1994; Mitchell et al, 1992) and on pre-rift
Mesozoic strata on the Ethiopian—Eritrean margin
(Mitchell ez al., 1992) (Figure A2.5). This unconformity
is poorly imaged on the sub-salt seismic profiles and
published well data are very limited.

Syn-rift strata

Syn-rift strata outcrop in northern Sudan where the
carliest marine deposits are late Oligocene in age
(Schroeder et al., this volume). Tilted strata of mid
Miocene (N13) age have also been dated. These strati-
graphic data complement that from the Thio-1 well
offshore Eritrea that encountered marine shales with late
Oligocene (NP25) foraminifera (Hughes er al., 1991).
Syn-rift strata initially thicken away from the coast but
then thin toward the rift axis (Figure A2.5) and
subsurface data indicate restricted marine muds with

marginal continental to coastal clastics of lower to mid
Miocene age (Crossley et al., 1992). These are followed
by mid to upper Miocene evaporites. Maximum record-
ed thickness of the syn-rift in Thio-1, where it is not
thickened by salt diapirism, is about 3 km. There are
few onshore outcrops of syn-rift strata. Seismic images
of the sub-salt are generally of poor quality and there
are differing views on the upper boundary of the syn-rift.
In the World Bank project, evaporites are considered as
part of the syn-rift (Figure A2.5) throughout the Red
Sea (Hughes and Beydoun, 1992; Mitchell er al., 1992)
while (Davison et al., 1994) interprets extensional faults
from offshore Yemen as terminating below the salt and
the salt is considered post-rift. On the eastern margin
volcanism continues into the syn-rift as evidenced by
Aquitanian (21-24 Ma) aged dikes in Saudi Arabia and
21.4 to 22.3 Ma plutonic rocks in Yemen (Chazot et al.,
this volume).

Post-rift unconformity and strata

The post-rift unconformity is taken by Hughes and
Beydoun (1992) and Mitchell et al. (1992) as the top
mid-late Miocene salt, and synchronous with the onset
of rapid sea-floor spreading at 5 Ma. The first indica-
tions of sea-floor spreading in the Atlantis-II deep are at
12 to 10 Ma (Coutelle ef al., 1991; Rihm and Henke, this
volume). This post-rift unconformity has erosional
truncation of the Miocene salt, followed by onlap and
downlap of Pliocene to Recent clastics (Warden and
Desset Fms) and then carbonates (Shagara or Dhunis-
hub Fms) (Figure A2.5; Mitchell ez al., 1992). Alterna-
tively, Davison et al. (1994) place the post-rift at the
base of the salt where most extensional faults terminate
and rotated strata are truncated (Mitchell et al., 1992,
Figure 7; Davison et al., 1994, Figure 11).

Thicknesses of post-rift strata are very variable
because of salt loading (Figure A2.5) but reach 3 km
of post-rift clastics in the Abbas-1 well on the Yemen
coastal plain (Heaton ez al., 1995; Bosence, this volume).
Post-rift volcanics are concentrated on the eastern
margin of the rift stretching from Yemen to Syria to
form one of the largest alkaline volcanic provinces in the
world (Chazot et al., this volume).

Discussion

This southern portion of the Red Sea clearly involves
active rifting from plume-related magmatism (Menzies et
al., 1992). In addition there is considerable asymmetry to
the Red Sea in that the western margin is narrow and
steep, the volcanism is almost exclusive to the eastern
side and the most significant uplift is on the eastern side.
This has led Wernicke (1985) and Voggenreiter and
Hoétzl (1989) to propose a simple shear model with an
east dipping low angle detachment under the Arabian
plate. However this intracrustal detachment has not been



identified and there is no stratigraphic evidence for pre-
rift uplift on this margin as is predicted in the simple
shear model. Similarly, the timing of volcanism, uplift
and rifting do not fit White and McKenzie’s (1989)
predicted models of plume-related rifting in which the
plume is either prior to, or synchronous with, rifting
(Figure A2.4). On the south-eastern margin of the Red
Sea there is no evidence of the predicted 1 to 2 km
doming prior to volcanism as the pre-rift stratigraphy
ends with continental siliciclastics conformably overlain
by 31-26 Ma (Baker et al., 1996) plume-related volcanics
(Al Subbary et al., this volume). This is followed by
extensional faulting (27 to 10 Ma; Davison et al., 1994)
with rotation of volcanics and earlier strata which are
onlapped by syn-rift clastics in the subsurface of the
Yemeni coastal plain (inset Figure A2.4). The 3 km of
post-volcanic subsidence and basin fill are not as
predicted by the White and McKenzie (1989) model
(see above). Pre-volcanic marine strata now occur at
2.6 km altitude on the rift shoulder indicating significant
syn- to post-volcanic uplift from lithospheric heating,
magmatic addition to the crust, surface extrusion of lava,
crustal flexure and erosion (Davison ef al., this volume).

Recent geophysical investigations by Makris and
Rihm (1991) and Rihm and Henke (this volume) on the
steep and narrow western margin of the Red Sea suggest
that this margin originated as a series of strike-slip pull-
apart basins in the early history of this oblique rift basin.
Subsequent extension by pure shear, rather than simple
shear, is then envisaged on the eastern margin and this
accounts for the present-day asymmetry of the basin
(Rihm and Henke, this volume). To summarize, the
tectonostratigraphic data indicate that the most appro-
priate model for the southern Red Sea is that prior to
rifting the south-eastern margin was affected by plume-
related volcanism but was not predated by updoming,
and that subsequent rifting occurred through pure shear
with enhanced rift shoulder uplift.

Gulf of Aden

Pre-rift strata and syn-rift unconformity

Pre-rift Palacogene strata form widespread outcrops in
both south-eastern Yemen and northern Somalia (Bott
et al., 1992; Fantozzi and Sgavetti, this volume). These
pass upwards from Paleocene to early Eocene shelf
carbonates (Umm Ar Radumah, Yemen, and Auradu
Fm. Somalia) to restricted marine and evaporitic units
(Jeza and Rus Fms, Yemen and Taleh Fm., Somalia),
and finally the mid Eocene Habshiya Fm. (Yemen) and
Karkar Fm. (Somalia) with more marine facies to the
Indian Ocean to the east (Beydoun, 1964; As Saruri,
1995). There is a general absence of late Eocene strata in
the Gulf of Aden basin, with the exception of the Daban
sub-basin in Somalia (Abbate ez al, 1993b), eastern
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Socotra and Dhofar (Samuel et al., in press) and early
Oligocene-Miocene syn-rift sediments rest unconform-
ably on eroded pre-rift strata. Away from basement
highs where the syn-rift Shihr Group rests on Mesozoic
and Precambrian basement (Beydoun, 1964; Bosence
et al., 1996) the syn-rift unconformity erodes down to a
remarkably consistent level within the underlying
Habshiya Formation (Watchorn ef «l., this volume).

Syn-rift strata

Wells offshore from Yemen and Somalia reveal that the
oldest marine strata are middle Oligocene (Hughes et al.,
1991) and that these overlie marginal marine evaporitic
sands and muds similar to those of the onshore, syn-rift
Shihr Group. The predominant onshore lithologies of
the Shihr Group are fine-grained marginal marine and
continental sediments. These accumulate is response to
basin-wide subsidence throughout the late Oligocene
and do not show dramatic thickening and tilting into
half-graben structures (Watchorn e al., this volume).
Adjacent to basement highs steeper, fault controlled
basin margins occur with a complex interfingering of
high energy marine and continental facies (Bosence et al.,
1996). Offshore, in contrast, there are many tilted
fault blocks with <2 km thick syn-rift strata recording
deepening upward sequences through the Oligo-Mi-
ocene (Bott et al., 1992). The rift shoulders supply
sediment to the marginal areas throughout rifting and
clasts record a gradual unroofing history of the under-
lying pre-rift strata (Bosence er al., 1996; Watchorn
et al., this volume).

Post-rift unconformity and strata

Offshore Yemen latest Miocene to recent post-rift sedi-
ments rest unconformably on tilted Shihr Group (Bott et
al., 1992; Brannan et al., in press). These sediments vary
from deep-water pelagic oozes through to shallower
siliciclastic and carbonate lithologies and may be up to
2 km thick. These strata contrast with the Red Sea post-
rift in that they are not affected by salt diapirs because of a
continuous connection between the Gulf of Aden and the
Indian Ocean. Onshore, Watchorn et al. (this volume),
working to the east of Mukalla, date the base of the
essentially horizontal post-rift strata at 16 to 22 Ma.
These sequences record the continuing uplift of the rift
margin through to the present day. The dates broadly
correspond to the earliest dates for sea-floor spreading in
the outer portions of the Gulf of Aden at around 20 Ma
(Sahota et al., 1995; Brannan et al., in press).

Discussion

The Gulf of Aden is an oblique rift that shows a large
degree of symmetry in the geological history and
stratigraphic record in the two margins (Fantozzi and
Sgavetti, this volume). The west-north-west—east-south-
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east basin has developed in response to north-east—
south-west extension of the Afro-Arabian plate. The
basin has passed from rift to drift with ocean floor
spreading dating back to the early Miocene. The area
was not affected by widespread, long-lived pre-rift
updoming. Typically, only Rupelian strata are missing.
Rift shoulders have been symmetric positive features
throughout the basin’s history. While the western end of
the basin has been affected by plume-related volcanism
around Afar and south-west Yemen the remainder of
the basin shows only minor, and mainly post-rift
volcanism. The area of post-rift subsidence is broadly
coincident with syn-rift thermo-mechanical subsidence
but post-rift onlap has not extended as far as the
preserved limits of the syn-rift basin. Of note is the
observation that in Yemen the basin margins show
regional sag rather than fault-related subsidence which
is commoner basinwards of the current shoreline.
Together, these features all suggest that McKenzie’s
pure shear model is the most appropriate for the Gulf of
Aden.

RIFT SUB-BASINS AND FACIES MODELS
The half-graben model

Most workers consider that the essential local-scale
structural unit of the different types of rift basins are
asymmetric half-graben (Figure A2.6; Bosworth, 1985;
Gibbs, 1984; Rosendahl, 1987, Wernicke, 1985). Rift

Figure A2.6 Tectono-sedimentary model of three-dimensional struc-
ture and sedimentary environments in early stages of syn-rift evolution
of rift basins.

basins are also characterized by zones of varying
polarity of half-graben tilting (Bosworth, 1985). For
example, the Gulf of Suez is characterized by large-scale
domino-style faults which can be divided into northern
and southern provinces with easterly dipping faults and
westerly dipping strata and a central province of
westerly dipping faults and easterly dipping strata
(Bosworth, 1994a; Bosworth er al., this volume). These
provinces of opposing dip, or polarity are separated by
structural accommodation zones (Figure A2.6) with a
complex internal structure (Bosworth, 1985; McClay
et al., this volume). Many outcrop and seismic surveys
have shown that on a smaller scale major rift faults are
limited to a few tens of kilometres in length and that
laterally the strain may be taken up by other offset faults
with an intervening structural ramp or relay (Bosworth
et al., this volume; McClay et al., this volume). Where
faults break through this offset with an oblique trend to
link extensional faults then these are referred to as
transfer faults (Bally, 1981; Gibbs, 1984; Morley, 1995).
Those oblique faults cutting across both half-graben and
extensional faults are referred to as cross-faults or cross-
strike faults (Morley, 1995). Therefore a complex three-
dimensional structural control on sedimentation exists
which itself evolves through time as fault tips propagate,
half-graben subside, and footwall areas rise. It is
therefore useful to consider the effects that the evolving
three-dimensional models have on the sedimentological
evolution of rifts.

Tectono-sedimentary facies models

This complex four-dimensional picture of evolving rift
structure (Figures A2.6-A2.8) contrasts with earlier
essentially two-dimensional tectono-sedimentary models
of Leeder and Gawthorpe (1987), Frostick and Read
(1990), and Surlyk (1990). Although these earlier models
display information in three dimensions they do not
take into account and incorporate three-dimensional
processes associated with varying fault displacement and
accommodation zones (cf. Gawthorpe et al., 1994;
Lambiase and Bosworth, 1995). Any stratigraphic or
sedimentological study should be undertaken in associ-
ation with a full structural analysis. The converse is also
true as stratigraphic relations (e.g. thickness changes
and onlap surfaces) and sedimentological responses (e.g.
footwall-derived fans and unconformities) give impor-
tant information on the timing of fault initiation and
propagation which is essential to understanding the
evolving three-dimensional rift structure (see Lambiase
and Bosworth, 1995; McClay et al., this volume). This
has led Leeder (1995) to question the complexity of
some structural analyses when synchroneity of fault
movement is unproven.



Syn-rift sedimentology

With the onset of rifting a complex, fault-related
topography develops which not only provides an intri-
cate template for sediment accumulation but also
controls many erosional and sedimentological processes

Figure A2.7 Tectono-sedimentary model of three-dimensional struc-
ture and sedimentary environments in middle stages of syn-rift
evolution.

Figure A2.8 Tectono-sedimentary model of three-dimensional struc-
ture and sedimentary environments in late stages of syn-rift evolution
of rift basins and following marine flooding.
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(Figure A2.6). The extended crust will undergo regional
subsidence, footwall crests will uplift (Jackson, 1987),
undergo erosion, and become local source areas for
clastic sediments. However, areas away from faults, or
in fault-related hangingwall sub-basins may continue to
receive sediment. Therefore the syn-rift basal unconfor-
mity may be either localized to footwall highs in rift
basins resulting purely from lithospheric extension of
the upper crust, or, the unconformity will be regional in
extent in plume-related basins or those involving thin-
ning of the lower crust and/or lithospheric mantle.

As rifting continues into the syn-rift stage the
complex surface topography which develops in response
to extensional fault propagation, fault surface geometry,
magnitude of fault slip, hard and soft linkage transfer
zones, accommodation zones and polarity of the half-
graben may all control clastic source areas, development
of drainage patterns, and patterns of sediment accumu-
lation. This early continental stage of rift evolution has
been recently reviewed in detail by Lambiase and
Bosworth (1995). Drainage basins will therefore have a
complex and changing relationship with structure in
addition to their inherited antecedent drainage pattern.
Drainage may initiate off footwall crests, hangingwall
dip slopes and pass axially into hangingwall sub-basins
to eventually cut through the structural grain at transfer
faults or accommodation zones. If rates of erosion,
transport and deposition are high in relation to rates of
fault movement then drainage patterns may disregard
structure and cut across minor and basin bounding
faults (Nichols and Daley, 1989, Figure 8; McClay et al.,
this volume). However, rapidly extending rift basins will
have a geomorphology closely following the structural
template and this main phase of rift basin evolution
tends to result in underfilled accommodation space
(Figures A2.7, A2.9) indicating that rates of fault-
related subsidence exceed rates of clastic sediment
supply. This has led Prosser (1993) to suggest that true
syn-rift strata (as defined above) may not be as thick as
has been commonly identified and much of this strata
may be of post-rift origin. Later in rifting (Figures A2.7,
A2.8), and into the post-rift stage, topography will be
reduced by erosion of footwall areas and sedimentation
in hangingwall areas and accommodation zones.

An important sedimentological event in the subsi-
dence history of a rift basin is marine flooding. This can
occur at any stage and is controlled by subsidence,
eustacy, pre-rift topography and location of the rift with
respect to adjacent marine basins. In the Red Sea to
Gulf of Aden basins marine flooding occurs early within
the syn-rift phase. Complete marine flooding effectively
isolates footwall areas from clastic sedimentation and in
tropical climates they may become sites of carbonate
sediment production (Figures A2.8, A2.9). The sedi-
mentology and depositional sequences developed within
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Figure A2.9 Schematic cross-sections of rift basin margins to illustrate
major effects of tectonic, climatic and magmatic controls on rift
stratigraphies.

these tilt-block carbonate platforms will have a first
order control determined by whether the faults are
basinward dipping, which results in a steep seaward-
facing platform margin, or whether the faults are
landward dipping and a gently sloping shelf is formed
(Purser et al., this volume). In the former case a rimmed
platform forms on seaward-facing footwall highs with a
bypass or escarpment margin (Figure A2.8; Read, 1985).
The hangingwall area will have a ramp-like profile and
may interfinger downslope with laterally or axially
derived clastic sediments (Figure A2.8; Cross et al., this
volume). If the fault block is rotated seawards, on a land
dipping fault, then initially a ramp will occur which may
steepen up through time with differential shallow water
production to develop into a progradational rimmed
carbonate platform. The footwall margin facing the
shoreline is unlikely to develop into a rimmed platform
because of the restricted coastal waters and the likeli-

hood of burial from shoreline derived clastics (Purser
et al., this volume). Because carbonates are likely to fill
accommodation space to a sea-level datum progressive
rotation of the fault block will result in shallowing-
upward stratigraphic units which are repeatedly thick-
ened into the hangingwall sub-basin (Cross et al., this
volume). Footwall sites are characterized by erosion
surfaces, formed in response to footwall uplift, and by
shallow marine, shelf margin facies.

Submarine clastic sediment will be transported along
topographic lows such as fan deltas in the Gulf of Suez
(McClay er al., this volume) and in the extensional
Aegean Gulf seasonal run-off maintains active alluvial
fans, braid deltas, fan deltas and submarine fans
(Leeder, 1995). Submarine channels, either parallel or
normal to the rift axis, are fed by these fluvial systems
and generate submarine fans at the base of slope (Figure
A2.8). The combination of steep slopes and seismic
activity results in mass movement and slump scars,
slumps and debris flows are common (Papatheodorou
and Ferentinois, 1993). Deep marine areas become sites
for shales, pelagic and redeposited facies (Hofmann
et al., this volume).

During marine rift-basin formation when the basin is
still narrow, such as the Red Sea-Gulf of Suez (Orszag-
Sperber, this volume) and the southern Atlantic Creta-
ceous rift (Mohriak et al., 1989), the basin may become
isolated by uplift or falling global sea levels and in arid
climate settings thick evaporites may develop (Figure
A2.9). These evaporitic fills can be significant in the
thickness and rapidity of basin fill (e.g. around 2 km in 6
m.y. in the southern Red Sea (Heaton et al., 1996), but
also later on because of the structural and sedimento-
logical effects of salt diapirism. While the structural
effects have been well documented (Davison et al., 1996)
the sedimentological effects, such as the formation of
salt-cored offshore islands, siting of carbonate platforms
over salt domes, and the influence of salt diapirs on
clastic sediment pathways have not been investigated in
such detail (but see Bosence et al.; Carbone et al.,
Orszag-Sperber et al., this volume b). The effects of
diapirism can be overwhelming and mask the syn-rift to
post-rift transition as in the case of the north-western
Red Sea (Orszag-Sperber ef al., this volume b).

Rift-shoulder uplift, generated by footwall uplift
adjacent to major border faults and/or the isostatic
response of adding asthenospheric melt to the base of
the crust during lithospheric stretching (White and
McKenzie, 1989), or flexural isostacy of the lithosphere
(Braun and Beaumont, 1989 a,b) may increase local
sediment supply into the basin margins (Davison et al.,
and McClay et al., this volume). Shoulder uplift may be
long-lived and in the Gulf of Aden there is evidence of
rift shoulder-derived clastics from its inception in the
late Oligocene through to the present day. However on a



Figure A2.10 Present-day drainage pattern around the Red Sea and
Gulf of Suez illustrating deflection of main drainage systems away
from the rift shoulders. (After Frostick and Reid, 1989).

regional scale drainage may be directed away from the
rift to external basins as occurs in the Red Sea today
(Figure A2.10). This may partially explain why the
central parts of the Red Sea are underfilled despite
massive evaporite precipitation since the major phase of
extension during the early Miocene.

Post-rift sedimentology
Unconformities are likely to develop around rift shoul-
ders. Stratigraphic relations around such unconformities
give useful data on the phase of thermal subsidence of
the rift shoulders as they become progressively buried by
the post-rift basin fill as documented in the North Sea
(Badley et al., 1984). Strata may initially accumulate as
downlapping units away from any uplifted rift shoulders
and subsequently will mainly accumulate in parallel
stratified units which will onlap and bury any remaining
syn-rift topography as in the North Sea (Figure A2.9;
Badley et al., 1984). Large-scale compactional drapes
may be present against buried topographic relief.
Post-rift marine facies in axial areas will be pelagic and
hemipelagic muds with redeposited facies adjacent to
remnant half-graben topography. Economically impor-
tant black shales or sapropels may occur in topograph-
ically isolated sub-basins or when the entire basin
becomes restricted from open ocean conditions (Hofm-
ann et al. and Taviani, this volume a). High sediment
supply will result in progradational clastic shelf margins
as exemplified by the north-east shelf of the USA
(Hubbard, 1988). In the northern North Sea, Steel
(1993) has documented a number of widespread post-rift
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‘megasequences’ whose accommodation space was
thought to have been generated by periodic increases in
rates of thermal subsidence. These 200-1000 m thick
‘megasequences’ are progradational in style with maxi-
mum progradation during intervals of minimum subsi-
dence with low rates of addition of accommodation space.

Unusually low rates of sediment supply result in
starved shelves which may have unburied pre-rift strata
outcropping on the sea floor and in an extreme case
upper mantle is exposed (Boillot et al., 1989).

In tropical areas where aggradation of tilt-block
carbonate platforms is expected to keep pace with
subsidence carbonate shelf areas will persist through the
post-rift into passive margin stages. The carbonate
platforms of the Bahamas are the world’s most impres-
sive example of this as they originated in the Jurassic on
rotated half-graben and portions of these early plat-
forms have persisted through to the present day as
shallow-water carbonates which are thousands of kilo-
metres long, hundreds of kilometres wide and up to
eight kilometres thick (Sheridan, 1981).

Basins which had a significant earlier syn- or post-rift
evaporitic stage will have axial and shelf areas domin-
ated structurally and stratigraphically by salt diapirism.
This may have a complex and intimate relation with
extensional structures of the rift (Heaton er al., 1995)
and give rise to a complex of diapirs, salts walls,
canopies and rafts (Figure A2.9). If this occurs during
the post-rift stage as is the case in the southern Red Sea
then the post-rift unconformity can be masked by
stratigraphic responses to salt movement rather than to
the slower regional subsidence (Figure A2.8; Bosence
et al; Orszag-Sperber et al., this volume b).

In conclusion there are a large number of indepen-
dent and interdependent controls on rift-basin stratig-
raphy which broadly fall under the three main headings
of tectonic, climatic and magmatic processes (Figure
A2.11). These controls may either be restricted to the
different phases of rift-basin evolution, or be longer
lived and affect all stages of rift-basin evolution.

SEQUENCE STRATIGRAPHIC CONCEPTS
IN RIFT BASINS

At the basinal-scale Hubbard (1988) was one of the first
to carry out a detailed regional study of a rift-basin
margin which critically assessed the earlier claims of Vail
et al. (1977) that Mesozoic to Tertiary passive margin
stratigraphy was controlled by global second- and third-
order sea-level cycles. Hubbard (op. cit.) clearly dem-
onstrated that cycles of the rifted margins of the North
Atlantic, South Atlantic and Arctic Oceans were not
synchronous, and therefore not global, and that they
were controlled by rates of basin subsidence, sediment
input and long-term tectono-eustatic cyclicity.
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Recently, Dolson et al. (1996) and Ramzy et al.
(1996) have used good quality subsurface data from the
Gulf of Suez to modify and apply sequence stratigraphic
methods to a syn-rift stratigraphy. They show that in a
rift setting subsidence and uplift can occur synchro-
nously within a small area so that regional or ‘global’
sea-level changes are overwhelmed by tectonic effects.
Thus, in contrast to passive margin stratigraphies, the
syn-rift stratigraphy of rift basins does not always show
basinwide erosion surfaces and the wedge-shaped strati-
graphic geometries of half-graben is so prevalent that
the presence of highstand systems tracts, transgressive
systems tracts and lowstand wedges is difficult to
resolve. These authors use three-dimensional seismics,
abundant well data and high resolution biostratigraphy
in order to identify local stratigraphic stacking patterns,
hiatuses and condensed sections, maximum flooding
surfaces to erect a local rift basin model (Figure A2.12).

Prosser (1993) reviewed the structural controls on rift
basin stratigraphy and suggests a scheme whereby
systems tracts are related to stages in the structural
evolution of a rift basin (e.g. ‘rift climax systems tract’),
rather than to sea-level changes. It remains to be seen
whether this additional terminology for systems tracts is
accepted as an improvement on what is already avail-
able.

The smaller-scale field based analysis of depositional
sequences and the erection of genetic stratigraphies in

syn-rift strata is proving an important tool in basin
analysis (Dart et al., 1994; Gawthorpe et al., 1994;
Bosence et al, 1996; Howell and Flint, 1996) as
sequence and/or parasequence boundaries may give
precise timings for tectonic movement, and stratigraphic
geometries give information on the varying sediment
supply routes and generation of accommodation space.
This has resulted from detailed fieldwork and establish-
ment of high resolution sequence stratigraphies (e.g.
Cross et al., this volume) together with tectono-sedi-
mentary computer modelling (Hardy and Waltham,
1992).

When considering the application of sequence strati-
graphic concepts to rift-basin fills it is essential to
appreciate that accommodation and depositional se-
quences can be variously altered by fault-block rotation,
by variations in clastic and carbonate sediment supply,
and by varying rates of regional (basinwide geotectonic
or eustatic) and fault-related sea-level change in half-
graben fills.

Depositional sequences and fault block rotation

Of particular importance here is the straightforward
geometric constraint that fault-related movement in a
half-graben is rotational so that hangingwall subsidence,
and relative sea-level rise, is synchronous with footwall
uplift, and a relative sea-level fall (e.g. Bosence et al.,

Figure A2.11 Summary of main tectonic, climatic and magmatic controls on rift basin stratigraphy.



1994; Cross et al., this volume). At the same time there
may be little or no sea-level change in response to this
fault movement in the adjacent accommodation zone
(Gawthorpe et al., 1994). This contrasts significantly
with shelf-wide more-or-less synchronous, relative sea-
level changes which characterize passive margin basins
(Hubbard, 1988).

If footwall uplift is synchronous with a hangingwall
subsidence then footwall sequence boundaries will
correspond with hangingwall flooding surfaces, and
strata deposited during transgression and sea-level
highstands. Because this pattern differs from conven-
tional sequence stratigraphic concepts (Vail et al., 1977;
Van Wagoner et al., 1988) differing terminologies have
been applied by different authors to describe the
sequence stratigraphy of half-graben basins.

Rosales et al. (1994) considered that tectonic tilting
was the main control on sedimentation on Cretaceous
carbonate platforms developed on fault blocks in north-
west Spain. Their correlations suggest contemporaneity
between coarser grained and slumped deposits in the
hangingwall, as lowstand deposits, with emergent kars-
tic surfaces and cave infills on the footwall. Transgres-
sive and highstand deposits in the hangingwall are
deeper-water carbonate or siliciclastic facies while foot-
wall areas have aggrading shallow reefal facies. How-
ever, if the strata accumulated during tectonic tilting it
would be expected that the emergent footwall karst
would correlate with the transgressive and deeper
deposits of the hangingwall. Their correlations indicate
that this is not the case, which suggests that the
deposition of strata in each case was post-tilting and
was a passive fill of the wedge-shaped accommodation
space during a regional relative sea-level rise. The
pronounced onlap at the bases of the depositional
sequences in the hangingwall dip slopes support this
alternative interpretation.
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Gawthorpe et al. (1994) consider this problem with
respect to hangingwall-sourced versus footwall-sourced
clastic depositional systems from the Quaternary of
Central Greece. Here they recognize the contem-
poraneity of footwall uplift giving rise to footwall
unconformities, and hangingwall subsidence giving rise
to highstand systems tracts. Transgressive systems tracts
are not developed because of the generally high rates of
sea-level rise relative to sediment supply rates in this
study area (Gawthorpe et al., 1994). This uses the
terminology of systems tracts in a very local and time-
transgressive sense so that within one half-graben basin
a lowstand systems tract will pass laterally into a
highstand systems tract. This usage departs somewhat
from the original definition of systems tracts as ‘a
linkage of contemporaneous depositional systems’
(Brown and Fisher, 1977; Van Wagoner et al., 1988).
In half-graben settings contemporaneous depositional
systems have different stratigraphic stacking patterns
while similar depositional systems are time-transgressive
or diachronous (Figure A2.12).

An alternative approach, which is favoured by this
author (Bosence e al., 1994, 1996; Cross et al., this
volume), and is also used by Howell and Flint (1996) is
to abandon the concept of systems tracts and to simply
identify and describe depositional systems in terms of
stacking patterns and their bounding surfaces and
facies which are then interpreted in terms of local,
relative sea-level changes. This method also removes
the problem of attempting to link particular strati-
graphic geometries (e.g. retrogradation) with particular
portions of a relative sea-level curve (e.g. rising sea
level), when sea-level rise can result in progradation,
aggradation or retrogradation depending on rates of
sediment supply.

Figure A2.12 Sequence stratigraphic model for half-graben sub-basins (after Gawthorpe et al., 1994; Bosence et al., 1994; Dolson et al., 1996; Cross
et al., this volume). Sequence 1 has synchronous onlap, aggradation and downlap in the hangingwall with erosion and development of sequence

boundary (1-2) in the footwall in response to fault-block rotation. Sequence 2 initially shows onlap from hangingwall to footwall sites followed by
aggradation with clastics in hangingwall basin and limestones (L) preferentially sited on the basin-ward footwall crest. Sequence Boundary 3 develops
in response to fault-block rotation with synchronous footwall uplift and erosion (SB3) and hangingwall subsidence and increased clastic deposition.
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Clastic versus carbonate sediment supply

It is now well established that clastic and carbonate
depositional systems respond quite differently to chan-
ges in sea level and in their resultant depositional
sequences (Schlager, 1992; Handford and Loucks, 1993;
Bosence et al., 1994). Carbonate systems contrast with
clastic systems in that their rates of supply (production)
are highest during transgression and highstand while
clastic systems have the highest supply rates during
falling and low sea-level stands. Therefore in the mixed
clastic and carbonate systems of half-graben basins
there will be a complex interplay between depositional
sequences and clastic and carbonate lithologies.

Firstly, it should be remembered that when fault
blocks are submerged below sea level then carbonate
platforms are favoured in footwall highs which may be
isolated from clastic supply routes concentrated in
hangingwall sub-basins and transfer zones (Figure
A2.8). The two systems would be expected to behave
differently in response to extensional fault movement
and block rotation. Clastic systems in the hangingwall
sub-basins would first respond with a flooding surface
followed by aggrading footwall sourced fan deltas (Dart
et al., 1994) and prograding submarine fans (Ferentinos
et al., 1988). In tropical climates the synchronous
response on the footwall carbonates will be rapid
shallowing or emergence, following relative sea-level
fall, and the development of a rapid shallowing-upward
sequence or erosional sequence boundary. Carbonates
on the hangingwall dip-slope are likely to behave in a
similar way to hangingwall sourced clastics in that they
will initially drown, but then prograde out from shallow
areas resulting in a shallowing-upward depositional
sequence.

In tropical settings and following marine flooding
during any long periods of tectonic quiescence carbon-
ates would be expected to dominate over clastics. Clastic
supply will gradually decrease through time as the
hinterland topography is reduced and carbonates will
prograde out from footwall crests and also become
dominant in axial areas if the basin is fully marine.

Carbonate and clastic depositional sequences may
also be separated in time in fault-related settings. In a
recent study from the northern margin of the Gulf of
Aden (Bosence et al., 1996) it is shown that different
parts of depositional sequences are characterized by
different lithological associations. Depositional sequenc-
es were found to have erosion surfaces overlain by
alluvial-fan conglomerates and sandstones. These were
interpreted to correspond to relative lowstand periods
when fault-related uplift in a footwall setting resulted in
erosion followed by increased clastic supply. Subsequent
transgression from regional subsidence resulted in a
marine flooding surface followed by progradation of

shallow-marine carbonates in transgressive and high-
stand periods. Subsequent sea-level fall produced the
next sequence boundary. These depositional sequences
therefore have a distinct tectonic signature with the
association of sequence boundaries followed by thick
basal conglomerates and then marine flooding and
progradational carbonates.

Although few studies have been undertaken on this
topic it is clear that clastic and carbonate depositional
systems will respond in different ways to a similar
tectonic movement and because of the different controls
on their production and distribution they can be
separated spatially or temporally in depositional se-
quences.

Rates of regional and fault-related sea-level change

The rates and magnitudes of fault movement are
important controls on accommodation within half-
graben in relation to rates of sediment supply and rates
of regional sea-level change. Data from actively extend-
ing basins today indicate fault-related subsidence to
occur as instantaneous seismic events resulting in
throws of up to about five metres (Leeder, 1995). Slip
rates averaged over thousands of years from Gulf of
Patras, Greece, are 2-5 m/ka (Chronis et al, 1991),
from Utah, USA, are 2 m/ka (Machette et al., 1991)
and from the Pisia fault, Greece, are 0.5 m/ka (Mache-
tte et al., 1991; Roberts et al., 1993). Uplift in the
footwall immediately adjacent to extensional faults is
around 10 to 15% of the total displacement (Jackson
and McKenzie, 1983).

These average slip rates are up to two orders of
magnitude higher than rates of both thermal subsidence
of rifted margins, and are at least an order of magnitude
higher than rates for first- and second-order eustatic sea-
level changes. Therefore, fault-related subsidence will
normally override thermal subsidence and eustatic
changes and produce a distinct tectonically generated
sea-level signal against a background relative sea-level
rise or fall generated by the latter processes. However, in
glacial periods, rates of sea-level change may be higher
(maxima of 10-14 m/ka) within the Quaternary in which
case the background subsidence or uplift may be fault-
related and the higher frequency cycles related to glacio-
custacy (Gawthorpe et al., 1994).

Rates of erosion and clastic supply are exceedingly
variable but evidence from many rift basins indicates that
during periods of maximum extension basins are under-
filled (for review see Prosser, 1993). This suggests that
accumulation rates of rift basin clastic sediments are less
than the range of average slip rates (0.5 to 5 m/ka)
described above. At the half-graben scale Dart er al.
(1994) and Gawthorpe (1994) demonstrate that at sites of
maximum slip rates near the centre of fault segments then



sequences are stacked in aggradational packages domi-
nated by highstand systems tracts, but that in other sites
with lower subsidence rates such as transfer zones and
hangingwall dip-slopes coeval sequences are more pro-
gradational and regressive (Figure A2.12).

The average slip rates quoted above are similar to
rates of shallow-water carbonate production on carbon-
ate platform margins (1-4 m/ka; Bosence and Waltham,
1990). This suggests that carbonate platform margins on
footwall crests that are cut by extensional faults might
either drown or keep pace with fault movement. Both
these events occurred on Gebel Abu Shaar, in Egypt,
where footwall areas are either truncated by the block-
bounding Esh Mellaha Fault or at other periods there is
evidence that the carbonate margin overgrew and sealed
the block-bounding fault (Cross et al., this volume;
Burchette, 1988). With respect to the effect of fault
movement on carbonate platforms on footwall highs
these are more affected by footwall uplift and emergence
than by rates of downward block subsidence as discus-
sed above and footwall areas are typically sites of
shallow, shelf-margin facies associations.

CONCLUSIONS

1. During the 1970s and 1980s a number of geotectonic
models were proposed for the origin and evolution of
rift basins. The predicted stratigraphic signatures of
these models have not received so much attention and
are reviewed here. Using a simple classification based
on the nature and the occurrence of pre-rift strata,
syn-rift unconformity, syn-rift strata, post-rift un-
conformity and post-rift strata it is shown that each
geotectonic model has a distinct stratigraphic signa-
ture. This stratigraphic classification may be applied
to the analysis of basins which are poorly exposed, or
with few wells, or are poorly imaged on seismic data
due to depth or poor penetration through evaporite
lithologies.

2. A review of the evolution of the Gulf of Suez, Red Sea
and Gulf of Aden sub-basins in the light of the
proposed stratigraphic classification and new data
presented in this volume indicates that McKenzie’s
(1978) pure shear model is the most appropriate
geotectonic model for these rift basins. While early
phases of the oblique Red Sea and Gulf of Aden rifts
may be characterized by pull-apart basins and that
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the southern Red Sea experiences pre-rift plume-
related volcanism.

3. Previous two-dimensional facies models for rift basins
are revised in terms of current three-dimensional
(four-dimensional including time) structural models.
These indicate a complex evolving structural template
which controls the erosion, transport routes and
deposition of clastic sediments in continental through
to marine settings, and also the isolation of footwall
areas as sites of carbonate platform growth.

4. The restriction of early rift basins from ocean waters in
an arid climate setting leads to extensive evaporite
formation. This has a pronounced effect on subsequent
basin history as salt diapirs rise, deform the subsequent
stratigraphy and because salt diapirs may generate
sites for new, offshore carbonate platforms which in
turn control subsequent clastic sediment pathways.

5. The application of sequence stratigraphic concepts to
the analysis of extensional basins is a significant new
development and likely to improve our understand-
ing of the evolution of rift basins. Important char-
acteristics of the tectono-sedimentary evolution of
half-graben that affect depositional sequences are the
rotation of fault blocks which leads to a synchronous
hangingwall relative sea-level rise and footwall sea-
level fall, the temporal and spatial isolation of
carbonate and clastic facies associations within
depositional sequences, and the relative rates of
fault-slip, fault-block rotation, sediment supply and
regional and global sea-level changes.
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SECTION B

Geophysical, magmatic and structural
framework

This section contains five invited contributions from
authors who have carried out extensive recent research
on the geophysics, magmatism and structural geology of
the Gulf of Aden, Red Sea and Gulf of Suez. These
chapters consider the geophysics of basin evolution, the
relationships between magmatism and basin evolution
on the Arabian margin, and the structural setting and
structural evolution of the Gulf of Aden, northern Red
Sea and Gulf of Suez.

As well as providing up-to-date reviews on these
subjects these contributions act as a framework for
many of the sedimentological studies that follow in this
volume. Many of the features of the sedimentology of
the basin relate to these underlying controls.
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Chapter B1

Geophysical studies on early tectonic controls
on Red Sea rifting, opening and segmentation

R. Rihm and C. H. Henke

ABSTRACT

Seismic, gravity and magnetic data are combined with
results of structural geology to elucidate the earliest
stages of rifting in the Red Sea. The abrupt continent—
ocean transition at the Egyptian and Sudanese Red Sea,
compared to other margins, suggests that it was created
as a transform margin. Following a major plate kine-
matic re-orientation around 22 Ma, the transform plate
boundary became extensional and the Red Sea basin
started to open. Formation of oceanic crust by sea-floor
spreading is not restricted to the bathymetrically defined
axial graben and deeps, but may have started at spread-
ing rates below 5 mm/year, as early as 10-12 Ma. The
geometry of the initial rift line is the result of the regional
stress field interfering with older lithospheric lineaments
that acted as stress guides. The rift follows the path of
least resistance by jumping from one available zone of
structural weakness to another. This minimizes the
energy needed for break-up of the continents. Harmoni-
zation of local variations of spreading ridge orientation
with the overall regional extension thus determines the
original rift geometry. Such a control of old continental
lineaments over the segmentation pattern of a developing
spreading ridge has probably not only occurred in the
Red Sea, but, in a much broader sense, can be applied to
the segmentation of mid-ocean ridges in general.

INTRODUCTION

The Red Sea is one of the best natural laboratories on
earth for studying the early generation of oceanic crust
and lithosphere. The geometry of the Red Sea coastlines
and escarpments (Plate 1) was already noted by

Wegener (1915), who quoted it as support of his theory
of continental drift. A large number of models for the
evolution of this basin have since been proposed (e.g.
Makris et al., 1991a; Bosence, this volume). The models
are in general agreement that the last stage of evolution
in the Red Sea is of a small ocean basin with a well
organized sea-floor spreading centre in its southern axial
graben. There are, however, substantial controversies
relating to the initial stages of the development of the
main trough and the way the northern and central parts
of the basin are spreading. Several general models for
mechanisms and early stages of oceanization (i.e. initial
generation of oceanic type of crust) following continen-
tal break up have been applied to the Red Sea (Figure
B1.1) such as opening through sea-floor spreading
(McKenzie er al., 1970; Girdler and Styles, 1974; Le
Pichon and Francheteau, 1978; Le Pichon and Gaulier,
1988) or gradual focusing of individual magmatic
intrusions into organized sea-floor spreading (La Brec-
que and Zitellini, 1985). These models imply oceanic
crust in the entire Red Sea basin except for a possible
small portion of continental crust related to an initial
continental rift (which remains in those reconstructions
after ‘closing’ the Red Sea by ‘removing’ all oceanic
crust). Restriction of oceanic crust to the axial graben
was postulated by the various concepts of diffuse
extension (e.g. Cochran, 1983b), of punctiform initiation
of sea-floor spreading (Bonatti, 1985), and the simple
lithospheric shear model (Wernicke, 1985; Voggenreiter
et al., 1988). The alternative pull-apart model of shear
controlled early rifting (Makris and Rihm, 1991) con-
sidered a more complex distribution of oceanic and
continental domains, which is discussed below. The
observation of the present-day distribution of crustal

Sedimentation and Tectonics of Rift Basins: Red Sea—Gulf of Aden. Edited by B.H. Purser and D.W.J. Bosence. Published in 1998 by Chapman &
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Figure B1.1  Plate kinematic setting of the Red Sea and adjacent regions after Rihm, 1996, in parts adapted from Izzeldin, 1982; Bonatti, 1987;
Makris and Rihm, 1991. Poles of rotation for the recent opening of the Red Sea plot in the Mediterranean region: L = Laughton, 1996;

M = McKenzie et al., 1970; F = Freund, 1970; G = Girdler and Darracot, 1972; H = Hall, 1979; I = Izzeldin, 1982; J = Joffe and Garfunkel,
1987; R = Rihm, 1996. The latter analyses (stippled areas J and R;) indicate considerable variation of direction and rate of motion for different
times and areas of the Red Sea. The arrows on the Arabian plate are equivalent to a rotation of 4° around pole R;. Ry is a reconstruction for the pole
of rotation describing the initial strike-slip motion in the Red area, the orientation of which is illustrated by the dashed/dotted lines on the western
Red Sea flank.

CRUSTAL DOMAINS OF THE RED SEA INFERRED
FROM SEISMIC DATA

North-western Red Sea

domains within the Red Sea and the reconstruction of
the early rift geometry suggest a causal relationship
between pre-existing continental lineaments, crustal
evolution during basin opening and, consequently, the

development of a segmented pattern for the evolving
mid-ocean ridge. The latter has implications for the
architecture and geometry of the global mid-ocean ridge

The distribution of crustal domains in the Red Sea was
evaluated from a number of deep seismic profiles
(Figure B1.2). One of the most striking crustal features

system (Rihm, 1996). in the Red Sea is evident from a comparison of two

»
»

Figure B1.2  Location map of seismic profiles in the Red Sea region. The following sources (labelled in the map after the onshore survey area or
the research vessel used in the Red Sea, respectively) were used for the definition of crustal types in and around the Red Sea: Afar (Berckhemer et al.,
1975; Makris and Ginzburg, 1987); Egypt (Makris ez al., 1988a; Rihm et al., 1991), southern Saudi Arabia (USGS) (Healy et al., 1982; Mooney et al.,
1985), STEFAN E, Saudi Arabian part (Makris ez al., 1983, 1988a; Rihm et al., 1991), STEFAN E, Egyptian part (Rihm, 1984, 1989; Makris

et al.,1988a; Rihm et al., 1991), MINOS (Gaulier et al., 1988, these ESP profiles are shown in the insert map in the lower left corner), CONRAD
(Rihm et al., 1991), SONNE 53 (Rihm, 1989; Egloff et al., 1991).
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Figure B1.3

Comparison of seismogram sections of OBS positions 1 and 3, 24 km apart on STEFAN E profile VI, 1981 (Rihm, 1989; Rihm et al.,

1991). For location see Figure B1.2. The sections are reduced with a velocity of 6 km/s and normalized to maximum amplitudes. At OBS 1, first
arrivals from 30 to 50 km offset have an apparent velocity of around 6 km/s and are interpreted as Pg-waves from the upper continental crust. Pn-
arrivals from the upper mantle appear as first arrivals at an offset of about 45 km. At OBS 3, only sedimentary velocities around 3.5-4 km/s are
observed up to 25 km offset, where this travel-time branch is directly overtaken by Pn- (mantle) arrivals of 7.5 km/s.

adjacent OBS (ocean bottom seismograph) sections
situated along STEFAN E profile VI on the western
flank of the northern Red Sea (Figure B1.3): the
velocity—depth structure turns over a distance of
24 km from stretched continental crust observed at
OBS Pos. 1 to something very close to oceanic at OBS
Pos. 3. Reversed observation and seismic modelling at
OBS positions 6 to 10 of the same profile (Figure B1.4)
confirms this crustal structure to extend over the
remaining profile length (some 70 km), indicating sub-
stantial portions of oceanic-type of crust as close as
30 km off the Egyptian coast (Rihm, 1984, 1989). ESP
(expanded spread) profiles recorded parallel to the
coastline (north-north-west-south-south-east) across
the entrance from the Gulf of Suez into the northern
Red Sea (MINOS cruise, see Figure Bl1.2) give a

similarly abrupt crustal change from stretched contin-
ental to oceanic structure (Gaulier et @/, 1988). Land
recordings of sea shots across the Egyptian margin show
a similar result (Rihm ef a/., 1991) and reveal one of the
steepest continent—ocean transitions ever recorded on
the globe (Figure B1.5).

Central western Red Sea

Further south, in the central Red Sea, the Saudi-
Sudanese Red Sea Commission collected multi-channel
seismic, gravity and magnetic data (Izzeldin, 1982,
1987). These surveys have established the correlation
of oceanic crust from the axis towards both flanks of the
central Red Sea 20 to 40 km beyond the oldest recog-
nizable magnetic anomalies (Figure B1.6).



Figure B1.4
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Observed seismogram section of OBS position 10 on STEFAN E profile VI, 1981 (in the middle), synthetic seismogram section

(above) and ray tracing model (below), including locations of OBS used for computation (Rihm, 1989; Rihm et al., 1991). The travel-time pattern of
OBS 10 resembles that of OBS 3 (Figure B1.3). Seismic modelling was performed for all OBS positions after the method of Cerveny and Psencik
(1981) and reveals that across an approximate 15 km wide transition zone located near OBS Position 3, the sediment thickness increases rapidly, the
continental upper crustal layer terminates and the upper mantle rises to a depth of only 10.5 km bsl.

Deep seismic data were collected offshore Sudan with
the aim of identifying the nature of the crust across this
margin (Rihm, 1989; Egloff et al., 1991; for locations see
Figure B1.2). The structure of the margin was resolved in
some detail along three profiles (SONNE 53 — profiles I,
II and III), defining the domains of stretched continental
crust along the margin (Figure B1.7) and the distribution
of crustal types across the margin (Figure B1.8). In
summary, the results off Sudan (Egloff et al., 1991)
resemble those obtained off Egypt, i.e. a sharp conti-
nent-ocean transition with a slightly wider zone of

stretched continental crust (60 km off Sudan vs. 30 km
off Egypt) and significantly less sedimentary coverage on
top of the oldest part of the oceanic crust (<2000 m in
some places compared to 5000 m off Egypt).

Eastern Red Sea

The eastern flank of the Red Sea reveals a different
structural style, characterized by stretching of continen-
tal crust extending over much larger distances landward
of the continent-ocean transition, as seismic data
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Figure B1.5 (a) The crustal section along ‘STEFAN E’ profiles IV and V (Rihm, 1989; Rihm et al., 1991) illustrates the steepness of the Egyptian
continental margin. (b) The sharp continent-ocean transitions on the western Red Sea flank are confirmed by ESP profile R3 (MINOS cruise,
Gaulier et al., 1988). The crossing points with profiles 7-11 are annotated. For locations see Figure B1.2.

indicate (Makris et al, 1983, 1988a; Cochran and of crustal thickness (Healy et al., 1982; Mooney et al.,
Martinez, 1988; Rihm etz al., 1991; Richter et al., 1991; 1985), the eastern flank of the northern Red Sea off
Egloff et al., 1991). Although the relatively steep Saudi Arabia and of the Southern Red Sea off Yemen
topographic escarpment along the edge of the Arabian (Figure B1.9) are both stretched continental crust from
plate (Plate 1) is associated with a significant reduction the coast to the axial region of the Red Sea.

»
>

Figure B1.6  Top of oceanic crust interpreted from 7 multichannel seismic (MCS) lines running perpendicular to strike across the entire width of the
Red Sea between axial latitudes 19°N and 21°N (Izzeldin, 1987). Locations of the profiles are shown in the lower part of the figure. The upper part of
the figure shows the correlation of the top of oceanic crust obtained from the seismic profiles 17-29, plotted with different signatures on top of each
other and centred at the Red Sea axis at 0 km. The arrows mark the limits of magnetic anomaly 3, the oldest identifiable anomaly (c. 5 Ma, Izzeldin,
1987). All seven profiles have a relatively uniform variation of geometry with distance from the axis, and the depth scatter is around =1 km. The
correlation shows that oceanic crust extends up to 40 km further off axis than indicated by magnetics and bathymetry.
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Figure BL.7  Crustal section of ‘SONNE’ profile IT off Sudan parallel to the coast (Egloff et al., 1991; for location see Figure B1.2). The sedimentary
sequence features marked halokinetic effects. The crystalline portion of the continental crust is thinned from > 30 km (Egloff et al., 1991, not shown
on figure) to 12-7 km and strongly tectonized (signatures for evaporites and continental basement same as in Figure B1.8).

Figure B1.8  Onshore-offshore crustal section ‘SONNE’ profile I extending from the Sudanese coastal area into the Suakin Deep of the Red Sea
axis (Bgloff et al., 1991; for location see Figure B1.2). Locations of seismic land stations (LOBS) and ocean bottom seismographs (OBS) constraining
the transect are annotated. The coast is 1 km seaward of LOBS 50. The boundary between strongly tectonized continental crust and oceanized crust
coincides with the area of maximum sedimentary cover. The thinnest continental and the oldest oceanic crust lie under up to 2 km of pre-evaporitic
sediment in the area of highest salt accumulation. Such old oceanized type of crust extends approximately 50 km along the profile, before younger
oceanic crust covered with significantly less sediment (<1 km) occurs at 1 to 2 km shallower depths. Further along profile I towards the Red Sea axis,
oceanic crust of decreasing age and decreasing sedimentary cover is found, which increasingly correlates better with anomalies of the magnetic field.
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Synthesis of the above-mentioned and other deep
seismic data published elsewhere (refraction and wide-
angle reflection: Berckhemer ez al., 1975; Ginzburg et al.,
1981; El-Isa et al., 1987; Makris and Ginzburg, 1987,
Gaulier er al., 1988; Marzouk, 1988; Rihm, 1[989;
Prodehl and Mechie, 1991) and MCS seismic profiles
(Izzeldin, 1982; Beydoun, 1989, 1991; Bunter and Abdel
Magid, 1989), illustrates a complex pattern of crustal
domains with both across-axis as well as along-axis
variations (Figure B1.10). This pattern suggests a large
number of individual pieces of oceanized crust, which
are separated by first- and second-order discontinuities
and by remnant pieces of continental crust. A series of
elongate patches of oceanic type of crust, covered by one
or several kilometres of sediment is found along the
western margin of the northern and central Red Sea
(Makris and Rihm, 1991). Young oceanic crust that has
been produced by sea-floor spreading since ¢. 5 Ma
floors the axial trough of the southern and central Red
Sea and Red Sea Deeps. The same type of crust,
however, extends considerably (20-40 km) further off
the axis than indicated by both bathymetric deeps or
high-amplitude, high-frequency linear magnetic anoma-
lies (Girdler and Styles, 1974; Izzeldin, 1982, 1987;
Makris and Rihm, 1991). Stretched continental crust is
found elsewhere in the Red Sea basin, i.e. along the
entire eastern flank, across the southern Red Sea except
for the axial graben, and over (small) portions of the
western flank of the northern and central Red Sea. The
asymmetric geometry of these different crustal domains
is shown in Figure B1.10. This has been mapped on the
basis of the above-cited data sets and from interpreta-
tion of morphology and structural geology (Mohr, 1975;
Bicker et al., 1975; Garson and Krs, 1976; Vail, 1983,
1985, 1988; Guiraud er al., 1985; Berhe, 1986; Dixon
et al., 1987, 1989; Garfunkel et al., 1987; Pallister et al.,
1988; Sultan et al., 1988; Schandelmeier and Pudlo,
1990; Henke, 1995), and petrology data (Coleman et al.,
1983; Coleman, 1984; Betton and Civetta, 1984; Altherr
et al., 1988; Coleman and McGuire, 1988; Hart et al.,
1989; Camp and Robool, 1989; Camp et al., 1987, 1991,
1992; Coleman, 1993) and will be discussed together
with the results of other geophysical methods in the last
section of this paper.

GRAVITY FIELD OF THE RED SEA

Obervations and interpretation of the gravity field
and computation of two-dimensional gravity models
(Makris et al., 1975; Gettings, 1977; lzzeldin, 1982;
Akamaluk, 1989; Henke, 1989, 1995; Makris et al.,
1991c) confirm the seismic results discussed above. The
map of Bouguer gravity of the Red Sea (Plate 2 redrawn
after Makris er al., 1991¢) displays in the southern part

the structure of stretched conjugate continental margins
with substantial sedimentary cover (strong negative to
low positive values) separated by a narrow oceanic
graben (strong positive linear anomaly). Along the
western limit of the Afar Depression (east of 40°E) a
positive relative anomaly meets the Red Sea coast (at
41°E) and roughly follows the north-south oriented
Marda Line (for location see Figure B1.10), delineating
the zone of recent rifting in Afar. This zone is partly, as
Plate 1 illustrates, below sea level. Similar, but less
pronounced are north-south oriented positive relative
anomalies correlated with the Baraka and Onib Ham-
isana Sutures on the western flank (annotated as
lithospheric lineaments in Figure B1.10). In general,
the image becomes more complicated in the central and
northern Red Sea, reflecting the northward increase of
discrepancy between the orientations of rift direction
and plate motion as the pole of rotation is approached,
and the resulting complexity of crustal domains. (The
issue of obliquity of spreading is further discussed in the
last two sections).

En-echelon structures are increasingly significant
from south to north, with the axial zone turning from
a linear north-north-west-south-south-east oriented
spreading centre (15°N to 20°N) into small oblique
segments of Agaba orientation (north-south to north-
north-east-south-south-west, e.g. 24°N-26°N at 36.5°E;
25.5°N-27°N at 35.5°E; and 26.5°N-28°N at 34.5°E).
Simultaneously, the central positive anomaly widens,
correlating with the bathymetry of a wider, shallow
trough with individual isolated deeps.

Three 2-dimensional density profiles have been com-
puted across the Red Sea at different latitudes (Figure
BI.11). The results are in good agreement with the
seismic models of asymmetric distribution of crustal
domains in the northern Red Sea (Figures Bl.11(a) and
Bl.5(a)). They also agree with symmetric stretching of
the continental crust in the southern Red Sea associated
with axial continental break up and seafloor-spread,
young oceanic crust, as far south as latitude 16.5°N
(Figures B1.11(b) and B1.9) and continuous continental
crust across the entire Red Sea trough at 14.5°N
(Figures Bl.11(c) and B1.9). The southernmost profile
illustrates that the maximum attenuation splits into two
branches, correlating with two relative minima of Moho
depth (i) along the Red Sea axis and (ii) along the
western flank of the Afar Depression.

MAGNETIC TRENDS IN THE SOUTHERN AND
CENTRAL RED SEA AND ONSHORE YEMEN

Measurements of the magnetic field provide evidence for
sea-floor spreading in the axial southern graben of the
Red Sea (Allan, 1970; Laughton ¢t al., 1970; Hall, 1970,
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Figure B1.9  Crustal sections of ‘SONNE’ offshore-profile V (top), extending SE~NW from the coast of Yemen at Hodeida across the shallow

eastern flank (water depths 20-50 m) into the axial graben of the Red Sea and onshore/offshore-profile VI (bottom) crossing the entire Yemen

continental margin from Yemen highland into the Red Sea axis, where no oceanic crust has yet been produced (Egloff ef al., 1991; for location see
Figure B1.2). The profiles confirm that in the southern Red Sea only the axial graben is underlain by oceanic crust, whereas the flanks of the southern
Red Sea and the Tihama coastal plain are underlain by stretched continental crust with f-values (McKenzie, 1978) exceeding 3. Thinning of the crust
from the Yemen highland towards the Red Sea occurs in several major steps across the escarpment.
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Figure B1.10  Distribution of crustal domains in the Red Sea (data sources given in the text) and major continental lineaments that influenced the
development of the initial Red Sea rift. For discussion see the text.
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1979; Girdler and Styles, 1974; Roeser, 1975; Izzeldin,
1982; MOMR, 1990). A magnetic total intensity map of
the southern and central Red Sea area (Plate 3; data
sources in figure caption) shows strong dipolar anom-
alies resulting from the recently emplaced oceanic crust.

Another spectacular feature of the map is a series of
north-west—south-east trending positive anomalies in the
main trough of the southern Red Sea and onshore
Yemen. The onshore structures correlate with the well-
documented direction of Cretaceous to Miocene fault
systems and rifts in central and eastern Yemen (e.g.
Huchon er al., 1991; Watchorn, 1995; Davison et al.,
this volume), the most prominent of which is the Marib
Graben. In western Yemen this trend of rifting has not
been reported, but might be buried beneath the Yemen
flood basalts. These rifts seem to be linked with the
unsuccessful propagation of the Carlsberg Ridge across
Arabia, which was deviated through the Gulf of Aden
(Manighetti et al., 1995). Here the large-scale plate
kinematic direction is maintained by the en echelon
pattern of north-west-south-east oriented spreading
segments of the Sheba Ridge (Sahota et al., 1995). The
identically oriented magnetic anomalies running in the
offshore areas of the eastern Red Sea both along and
parallel to portions of the coastline (¢. 16°~17°N), have
not been previously imaged. Their occurrence and
location suggest that the related faults have been
reactivated during rifting and have been utilized for
the accommodation of stretching on the eastern flank,
possibly accompanied by injection of dikes. These
north-west—south-east structures have therefore been
preserved on the eastern margin of the southern Red Sea
during opening where they provide additional evidence
for the hypothesis that the orientation of initial rifting is
controlled by the directions of pre-existing continental
lineaments (Rihm, 1996).

On the eastern flank of the central Red Sea (19°-
21°N), the north-west-south-east trend is preserved,
suggesting continuation of this trend from the Carlsberg
Ridge across the entire south-eastern part of the
Arabian Peninsula into the central Red Sea. On the
conjugate (western) flank, however, the magnetic anom-
alies are more discontinuous and south of 22°N corre-
late better with the locations of the proposed north—
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south oriented pull-apart basins. These are thought to
have developed on the western flank of the northern and
central Red Sea during the early stages of opening
(Makris and Rihm, 1991).

GEOMETRY OF RED SEA MARGINS

Figure B1.12 illustrates that the western Red Sea margin
is characterized by narrower continent-ocean transi-
tions (<50 km) than other passive continental margins
such as the European North Atlantic margin
(>300 km). It is also significantly narrower than the
Arabian Red Sea margin (> 100 km). A compilation of
strongly simplified continent—-ocean transitions from
margins where deep seismic information is available
suggests classification of passive margins into three
categories of steepness, defined by 6, the gradient of
McKenzie’s (1978) stretching factor f across the margin
(Rihm, 1996; Figure B1.13). The categories indicate
whether rifting and opening of these margins has been
controlled by one or other of the following factors:

1. Stretching (68: 0.01-0.02); examples are the Nor-
wegian margins into the Norwegian—Greenland Sea
(Olafsson et al., 1991; Goldschmidt-Rokita ez al., 1994),
off Ireland (Makris et al, 1988b) and off Biscay
(Montadert ez al., 1979) into the North Atlantic, or off
southern Argentina into the South Atlantic (Lohmann
et al., 1995).

2. Oblique motion (4§ around 0.05); e.g. the East
Greenland margin (Weigel er al., 1995), the Antarctic
margin off Wilkes Land (Bohannon and Eittreim, 1991),
the Siberian margin into the Arctic Ocean (Sorokin,
personal communication, 1994), the north-west African
margin off Mauritania (Fritsch ez al., 1978), the Arabian
margins off southern Saudi Arabia (Healy et al., 1982;
Mooney et al., 1985), and off Yemen (Egloff et al., 1991).

3. Strike-slip motion (68 well above 0.1, up to 0.2):
the African margins into the northern Red Sea off Egypt
(Rihm, 1989; Rihm et al., 1991) and off Sudan (Egloff
et al., 1991), and the West African margin off Ghana
(Edwards et al., 1996).

The narrow continent-ocean transition off Ghana
(only 50 km from full thickness continental crust to

Figure B1.11

Three 2-D density models across the Red Sea and adjacent coastal areas crossing the axis at latitudes 25.5°N, 16.5°N, and 14.5°N,

tespectively. Vertical and horizontal scales of all three profiles are identical. The coastlines are indicated by vertical lines, the escarpment is marked by
arrows. All density lines are constrained by deep seismic data (Rihm et al., 1991; Egloff et al., 1991). Locations of density transects (see insert map of
Plate 2) correlate with locations of seismic profiles ‘STEFAN E’ PI, 111, IV and V (transect a), and ‘SONNE’ profile VI (transect c); transect (b)
crosses ‘SONNE’ profile V near 16.5°N; for location of seismic profiles see Figure B1.2. Density models were in parts adapted from Akamaluk, 1989;
Henke, 1989, 1995 and Makris ef al., 1991b. (a) Northern Red Sea. Note the contrast of the attenuated continental margin of the eastern Red Sea
flank and the abrupt continent-ocean transition of the Egyptian margin. (b) Southern Red Sea across active spreading centre. Symmetric structure of
the basin with stretched continental crust on both flanks and recent emplacement of oceanic crust in the axial trough. (c) Southern Red Sea,

c. 220 km south of profile b. Stretched continental crust across the entire width of the Red Sea basin (including the Afar Depression; note the large
distance between coastline and escarpment on the western flank) showing two minima of crustal thickness correlating with (i) the prolongation of the

axial graben, and (ii) the western edge of the Afar Depression.
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Figure B1.12  Crustal sections across three passive continental margins at identical scale (Rihm ez al., 1991). The top section (Montadert ez al.,
1979) is a schematic profile across the Biscay margin based upon the four MCS profiles shown in the location map (from W to E: 202, 205, 207, 209).
The middle section (Makris et al., 1988b) is a deep seismic (ocean bottom seismograph) profile from the North Atlantic Ocean off Ireland. In both
examples the continental shelf extends over several hundred kilometres, whereas the western continental margin of the northern Red Sea (lower
section, based on offshore and onshore deep seismic data (Rihm ez al., 1991), note reversed orientation) appears to be ‘cut off’.
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5 km thick oceanic crust) is clearly related to its tectonic
position at a transform margin, which has been sheared
during its entire development.

PLATE TECTONIC RECONSTRUCTION
OF THE RED SEA

The geometry of the western margin of the Red Sea
suggests that in its initial stage the plate boundary
between Africa and Arabia was conservative along most
of the northern and central Red Sea, i.e. the rift started
as a transform fault in these areas. Rifting in a plate
with uniform strength would fead to symmetric thinning
and, finally, linear break up perpendicular to the
direction of external stress. In reality, however, the
geometry of an evolving rift is linked to the tectonic
history of the region and controlled by the interplay of
both the extensional stress field induced by plate motion
and pre-existing lithospheric structures such as suture
zones and major fault zones, acting as stress guides
(Dixon et al., 1987, Makris and Rihm, 1991; Rihm,
1996). The spatial discrepancy between such pre-existing
directions of stress guides and the orientation theoret-
ically required by the external plate kinematic stress field
has to be accommodated by a secondary mechanism. In
the case of the Red Sea, the line of initial rifting, as
activated in late Oligocene, was located along a zone of
structural weakness created during the Pan-African (late
Precambrian) period of island-arc accretion (e.g. El
Shazly, 1977, Schandelmeier er al., 1987; Bosworth,
1994b), which defined the first-order orientation of the
rift. As secondary mechanism, another pre-existing fault
system, the — roughly east-west oriented — Central
African Fault Zone (CAFZ) was utilized for adjusting
the first-order orientation to the regional plate kinematic
pattern. This adjustment happened in such a way that
the rift line jumped at appropriate locations along the
CAFZ from one branch of the first-order lineaments
(e.g. Onib Hamisana suture zone) to another (e.g.
Baraka suture zone). The result is a rift orientation
following over several hundred kilometres first-order
lineaments of reduced lithospheric strength which may
in parts be oriented slightly oblique with respect to the
theoretical orientation of a rift solely depending on the
plate tectonic environment. These long segments of

.
|
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oblique orientation are offset by short, roughly perpen-
dicular segments and also preferably occur where
lineaments of suitable orientation already exist (Rihm,
1996).

Detailed reconstruction of the history of the African—
Arabian plate boundary (Makris and Rihm, 1991) has
distinguished four consecutive stages of dominant pro-
cesses characterizing the evolution of the Red Sea.

1. A continental rift developed during the initial
separation of Arabia from Africa, which occurred as
primarily a conservative (left-lateral strike-slip) motion.
The pole of rotation (Ry) is given in Figure Bl.1. This
sense of motion is well established for faults adjacent to
the northern and central Red Sea coasts (Stern, 1985;
Dixon et al., 1987; Sultan ez al., 1988; Schandelmeier
and Pudlo, 1990). Similar N20°E trending left-lateral
strike-slip faults occur onshore in Yemen (Huchon et al.,
1991), and in the (pre-) Pan-African suture zones of the
central and southern Red Sea (Stern et al., 1986; Berhe,
1986; Kromer et al., 1987). Such lithospheric discon-
tinuities, which are preferentially reactivated during
rifting, defined the geometry of the initial continental
rift. They also determined where the African and
Arabian plates were decoupled: (a) across axis by
wrench faulting inducing nucleation of pull-apart ba-
sins, and (b) along axis at the major east-west offsets of
the rift line (Figure B1.14).

2. Pronounced magmatism, which progressed from
the southern Red Sea region (peak activity 29-26 Ma) to
the central (25 Ma) and northern Red Sea (20 Ma) (e.g.
Izzeldin, 1982, 1987, Menzies et al., 1992; Coleman,
1993) preceded and accompanied a re-orientation of
plate motion at the beginning of the Suez stage (pole R,
of Figure B1.2). Rifting was intensified (Moretti and
Colletta, 1987; Steckler et al., 1988) and the separation
of the master faults of the pull-apart basins increased,
resulting in coalescence and oceanization of the pull-
apart domains (segments 1 and 3 of Figure Bl1.14),
whereas stretching of the continental crust continued in
the areas that had previously been extensional (segments
2,4 and 5).

3. Stagnation of extension in the Gulf of Suez at
around 15 Ma (Steckler et al., 1988; Bosworth, 1995)
coincided with the onset of strike-slip motion in the Gulf
of Aqaba, which has been dated not older than 14 Ma

Figure B1.13 (a) Compilation of strongly simplified continent-ocean transitions (morphology across the margin is approximated as straight line;
continental and oceanic crustal thickness is defined equal at the continent-ocean boundary) across margins, where deep seismic or sufficient
structural information is available. Crustal thickness data from Rihm et al., 1991 (Egypt); Egloff et al., 1991 (Sudan and Yemen); Edwards ef al.,
1996 (Ghana); Mooney et al., 1985 and Prodehl and Mechie, 1991 (Saudi Arabia), Weigel et al., 1995 (East Greenland); Bohannon and Eittreim, 1991
(Antarctica); Sorokin, 1994, personal communication (Siberia); Fritsch ef al., 1978 (Mauritania); Montadert et al., 1979 (Biscay); Makris et al., 1988b
(Ireland); Olafsson et al., 1991 and Goldschmidt-Rokita et al., 1994 (Norway), and Lohmann et al., 1995 (Argentina). The three margins of Figure
B1.12 have a solid frame. (b) Classification of continental margins. Based on the ratio of 88 vs § (8 is the stretching factor, McKenzie, 1978), three
distinct classes of margins can be identified, where rifting and early opening has been controlled by I — stretching, II — oblique motion, and

III — strike-slip motion. Further details in the text.
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Figure B1.14  Sketch model of Red Sea opening, using linearized plate boundaries. Several major lithospheric discontinuities (Pan-African suture
zones: Onib Hamisana, Baraka, and the Central African Fault Zone, see Figure B1.12) deviated the actual rift geometry from the ‘default’ direction
perpendicular to plate motion. (a) Initial separation along a conservative plate boundary (strike-slip dominated (e.g. Shimron, 1990; Makris and

Rihm, 1991), pole of rotation Ry, Figure B1.12), created an abrupt plate boundary along Segments 1 and 3. Local transtension resulted in nucleation
of en echelon arranged pull-apart basins, possibly separated by some transpressional features. Along Segments 2 and 4 the sense of motion was

extensional with percentages of shear below 20% (see middle panel), whereas along Segment 5 it was oblique at about 45° (see vectors of plate motion
on lower panel), which seems to be not sufficient for a complete detachment of the lithospheric plates. Across the segment boundaries, differential
motion separated crustal domains which could develop independently to the north and the south. (b) At the beginning of the Suez stage, rifting was
intensified and accommodated by stretching of the continental crust in the Gulf of Suez (50% of total separation from 19 to 15 Ma, up to 5 mm/year,
Moretti and Coletta, 1987; Steckler et al.. 1988) and in the previously extensional areas of the Red Sea rift (Segments 2. 4). Along Seement 5 the shear
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component fell below 20%, implying further stretching of the crust which had not yet been broken up. In the transtensional segments (1, 3), where the
continental plates were already detached, continuous motion of the Arabian plate was possible without stretching the African side. Subsequently,
extension was accommodated by strike-slip motion in the Gulf of Aqaba with further oceanization in the pull-apart domains and stretching of the
interjacent segments and the eastern flank. The eastern Red Sea margin represents the stretched continental margin of the drifting Arabian plate. Its
development and shape has been determined by the connection to the African plate through the areas, which had not been subjected to pull-apart
evolution (and thus were not separated at an early stage) and by the tectonic setting of Arabia as the moving plate and Africa as the stable plate.
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(Bayer et al., 1988). This rearranged configuration did
not change the direction of plate motion in the Red Sea,
and hence, the existing pull-apart basins were further
oceanized by rapidly uprising magma, as the Arabian
plate moved north-westward. Stretching of continental
crust continued in the adjacent domains and on the
eastern Red Sea margin.

4. Finally, sea-floor spreading has formed an axial
graben in the southern Red Sea and a series of isolated
deeps in the central and northern Red Sea. Reconstruc-
tions of the history of the Atlantis-II Deep, based on
swath bathymetry (Pautot, 1983) and deep-tow magnet-
ic data (Coutelle ef al., 1991), for this most advanced of
the Red Sea Deeps, have demonstrated the continuity of
continental trends as structural control for opening.

Accretion of oceanic crust at the present axis of the
Red Sea has started significantly earlier than indicated
by magnetics and morphology (Figure B1.6), possibly as
early as 12-10 Ma and at slower rates of motion than
the recent ones.

DISCUSSION AND CONCLUSIONS

The cause for the high steepness of large portions of the
African Red Sea margin has been explained by left-
lateral strike-slip motion during the early stages of
rifting in the Red Sea around pole of rotation Ry of
Figure B1.1 (Rihm, 1996). This motion, which has a
direction more similar to the opening between Arabia
and Somalia (Jestin et al., 1994) than to present-day
extension of the Red Sea, resulted in the generation and
rapid oceanization of linearly arranged pull-apart
basins (Makris and Rihm, 1991; Rihm, 1996). Spatial
distribution of these basins is inferred by the geometry
of the strike-slip zone, which itself depends on the
distribution of major old structural lineaments such as
sutures or shear zones. The early Red Sea rift, mainly
in the Egyptian and Sudanese coastal areas, was
affected by the interplay of the external stress field
resulting from plate kinematics with pre-existing con-
tinental lineaments. The most effective of the latter are
identified as the old (= Pan-African) suture zones of
Onib Hamisana and Baraka. These intersect with the
Red Sea coast at around 23°N and 20°N, respectively
(Vail, 1983; Stern er al., 1986; Pallister et al., 1988).
Individual branches of the Central African Fault Zone
(CAFZ), which crosses the entire African continent in
an east to east-north-east direction, meet the Red Sea
coast in Sudan and southern Egypt (Garson and Krs,
1976; Guiraud et al., 1985; Schandelmeier and Pudlo,
1990; Bosworth, 1992, 1994b). Arabia therefore was
separated from Africa where pull-apart basins devel-
oped and were rapidly oceanized as Arabia moved
away. Both continents were still connected in the

intervening segments by stretched continental crust.
Because the Arabian plate moved away from the stable
African plate, the eastern Red Sea flank was formed by
pure shear through stretching, thinning and diffuse
extension. As a consequence, the eastern and western
flanks are asymmetrical. Different relative velocities of
the conjugate plates with respect to the underlying
asthenosphere have been described for other conjugate
margins such as Norway—Greenland (Vogt et al., 1982)
or Australia—Antarctica (Weissel ef al., 1977, Bohannon
and FEittreim, 1991) and can be attributed to slow
migration of the lithosphere over a fixed zone of
asthenospheric upwelling. In the case of the Red Sea,
the north-easterly direction of migration has promoted
intrusive processes (such as the oceanization of the pull-
apart basins in the northern and central Red Sea by
basaltic intrusions) on the western flank and stretching
of the eastern flank (Dixon et al., 1989; Makris and
Rihm, 1991). The intrusion of dikes along the coastal
areas of Saudi Arabia and Yemen is consistent with this
hypothesis, because it occurred mainly from 24 to
20 Ma (Coleman et al., 1977, 1979; Capaldi et al.,
1987a; Pallister, 1987; Du Bray et al., 1991; Manetti
et al.,, 1991; Mohr, 1991; Davison et al., 1994) and
hence clearly pre-dates the main phases of opening of
the Red Sea.

Crustal generation by sea-floor spreading has formed
the axial Red Sea trough and this has been dated around
5 Ma at rates of 7-8.5 mm/year by correlation of linear
magnetic anomalies (Allan, 1970; Girdler and Styles,
1974; Roeser, 1975; Hall et al., 1977, lIzzeldin, 1982,
1987). Ocean bottom seismic results (Egloff ez al., 1991)
and reflection seismic mapping (Izzeldin, 1982, 1987;
Figure B1.6), however, show the oceanic crust to extend
off the axial graben up to 40 km towards the flanks
beyond the oldest recognizable magnetic anomalies.
This result suggests that axial formation of oceanic crust
may have started already around 10 Ma, if spreading
rates have remained constant, or as early as 11-12 Ma
at spreading rates around 5-7 mm/year (Izzeldin, 1987).
The latter reconstruction would also explain the lack of
clear linear magnetic anomalies, which are not likely to
be produced at such slow spreading (Girdler and Styles,
1974; Roeser, 1975). It also is in good agreement with
recent reconstructions of sea-floor spreading in the Gulf
of Aden based on magnetic, gravity and seismic data
(Sahota et al., 1995), which demonstrate that oceanic
crust has been produced continuously at the eastern
Sheba Ridge since around 20 Ma and around 15 Ma in
the western Gulf of Aden.

In a broader plate kinematic context, the develop-
ment of the Gulf of Aden may be the result of deviation
of the north-west propagating Carlsberg Ridge (north-
ern end of Central Indian Ridge) influenced by the
configuration of the existing continental lineaments



available as stress guides. In consequence, the Red Sea
may have been initiated as a transform fault of the Gulf
of Aden during its westward propagation. This model is
supported by the similar results obtained for opening of
the Gulf of Aden (Jestin et al, 1994) and the early
motion in the Red Sea (Rihm, 1996 and this paper). The
beginning of substantial extension in the Red Sea would
then coincide with a re-adjustment of plate motion to
the large-scale kinematic pattern, which is consistent
with the extension at the Carlsberg Ridge. This re-
adjustment may have induced the East African rift
system, which accommodates the differential motion
resulting from recent directions of opening in the Gulf of
Aden and the Red Sea.
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Chapter B2

Pre-, syn- and post-rift volcanism on the south-
western margin of the Arabian plate

G. Chazot, M. A. Menzies and J. Baker

ABSTRACT

Cenozoic magmatism in Yemen and Saudi Arabia is
inextricably linked to upwelling mantle plumes beneath
Afar and to sea-floor spreading in the Gulf of Aden
(<20 Ma) and the Red Sea (<5 Ma). The precise
timing of these magmatic events is crucial to our
understanding of the mantle dynamics associated with
continental break up and the initiation of sea-floor
spreading. To this end it is apparent that OAr/PAr
dating is the only appropriate technique because of the
erroneous conclusions forthcoming from whole-rock
K-Ar dating, largely because of secondary processes that
may have affected the volcanic rocks. Available
“OAr/*Ar data define three main episodes of Cenozoic
volcanism on the south-western Arabian plate. Pre-rift
volcanism was dominated by the eruption of a large
igneous province (i.e. LIP) in Yemen and smaller
volume alkaline volcanism in Saudi Arabia. Syn-rift
volcanism was characterized by intrusion of a major
tholeiitic dike swarm in Saudi Arabia parallel to the Red
Sea and intrusion of sub-volcanic plutonic and intrusive
rocks in western Yemen. Post-rift volcanism was notable
by eruption of one of the largest alkaline provinces on
earth.

INTRODUCTION

Surface uplift and extension of the Afro-Arabian plate
and formation of the Gulf of Aden and the Red Sea
were accompanied by widespread magmatism extending
over >1 x 10° km? of the western Arabian plate, from
Yemen in the south to Syria and Jordan in the north.
Many studies have focused on the processes related to

the opening of the Red Sea and Guif of Aden (i.c.
volcanism, rifting and erosion). Dixon et al. (1987, 1989)
pointed out that reactivation of pre-existent, basement
lineaments can greatly influence the location and orien-
tation of the rifting zones. The Shabwah-Balhaf graben
parallels Najd lineaments in south-west Arabia and
apatite fission track work in Yemen (Menzies et al.,
1996b) supports Tertiary reactivation of lineaments that
parallel the margins of this graben. The main problems
to be resolved regarding magmatism in south-western
Arabia relate to the relative timing of magmatism,
crustal extension, surface uplift and erosion on volcanic
(i.e. southern Red Sea) and non-volcanic (i.e. central
and northern Red Sea and Gulf of Aden) margins
(Davison et al., 1994; Menzies et al., 1992, 1994a,b).
Also of some importance is the relevance of this timing
to theoretical models of the evolution of active or
passive models of continental rifting (Bosence ef al., this
volume). Herein we will outline a general tectonic
framework related to development of magmatism on
the Arabian plate but we will not attempt to review the
different hypotheses put forward to explain the tectonic
and magmatic events which have affected this area. We
will review the timing and nature of this magmatism and
relate the main magmatic phases to the tectonic events
which have affected the whole region.

CHRONOLOGY OF MAGMATISM
K-Ar and Ar-Ar techniques

The absolute timing of magmatism is extremely impor-
tant in the study of continental rifting because it can
provide an absolute datum against which one can assess

Sedimentation and Tectonics of Rift Basins: Red Sea—Gulf of Aden. Edited by B.H. Purser and D.W.J. Bosence. Published in 1998 by Chapman &
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the relative timing of extension, surface uplift and
erosion. In the last twenty years much of the age dating
of volcanic rocks has involved whole rock K-Ar tech-
niques (e.g. Dixon et al., 1989; McGuire and Bohannon,
1989; Menzies et al., 1990; Davison et al., 1994). More
than one hundred K-Ar ‘dates’ have been published on
the volcanic rocks from the Yemen large igneous
province (i.e. LIP) (also called flood basalts, traps and
the Yemen Volcanics) (Civetta et al., 1978; Capaldi et al.,
1983, 1987a,b; Menzies et al., 1990; Huchon et al., 1991,
Manetti et al., 1991; Al Kadasi, 1994). Many of the
volcanic rocks have experienced secondary processes in
the form of contamination with upper and lower crustal
rocks (Baker et al., 1994) and surface alteration with
groundwater. All of these factors influence the K-Ar
system so that the K-Ar ‘dates’ bear little or no
relationship to the actual primary crystallization age of
the rock in question. This can be adequately demon-
strated by several combined K-Ar and “°Ar/*Ar studies
on volcanic rocks from Yemen and Saudi Arabia. For
example, a detailed K-Ar study of the basal volcanic
rocks of the Yemen LIP indicated that volcanism
commenced from the Eocene to the late Miocene
(Al Kadasi, 1994). A parallel **Ar/*Ar study of exactly
the same rocks revealed a period of tightly constrained
volcanism in the late Oligocene. *°Ar/*Ar data showed
that volcanism commenced around 29-31 Ma (Baker
et al., 1994, 1996) and that volcanism continued to
26 Ma (uppermost flows) over 2500 m of section. This
result is vastly different to the whole rock K-Ar database
which indicated that volcanism began between 10 and
66 Ma ago (Al Kadasi, 1995). Even if one uses the
“Ar/*Ar data to screen the K-Ar data, such that those
samples affected by secondary processes are eliminated,
the K-Ar data have little meaning. Furthermore, more
than 75% of the K-Ar data are shown to be in error by
2-35 m.y. Similarly, a recent review of c¢. 130 K-Ar
analyses of volcanic rocks from Saudi Arabia (Camp
and Roobol, 1991) gave ‘dates’ of 15-42 Ma with a few
older ‘dates’ (Pallister, 1987; Gettings and Stoeser, 1981;
Schmidt et al., 1982). However, when compared with
“Ar/*Ar data it is apparent that the main magmatic
event occurred in a much shorter time, between 21 and
24 Ma (Féraud et al., 1991; Sebai et al., 1991) again
demonstrating that K-Ar data can lead to erroneous
conclusions. Consequently in many of these LIPs, K-Ar
data cannot contribute to our understanding of the
timing of magmatism in relation to extension, surface
uplift/erosion. Consequently, we will primarily discuss
“Ar/*Ar data and mention will be made of K-Ar data
when no other data are available, but with the caution-
ary statement that these data can be unreliable due to
secondary processes (e.g. contamination and alteration).

A recent integration of apatite fission track,
“OAr/*Ar and field data indicates that the Red Sea
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margin exposed in western Yemen evolved in response
to surface uplift and volcanism followed by extension
and erosion (Menzies ef al., 1996a,b). From these data it
is apparent that eruption of several thousand metres of
the Yemen LIP from 31 to 26 Ma predated break up
and erosion on the Yemen margin by ¢. 5 Ma (i.e. pre-
rift volcanism) (Plate 4). The period of erosion and
break up on the Yemen margin was associated with
emplacement of intrusive and plutonic rocks from 26 to
16 Ma (Baker et al., 1996; Féraud et al., 1991; Zumbo
et al., 1995) (i.e. syn-rift volcanism) (Figure B2.1). More
recently (<10 Ma) the Yemen margin has been affected
by a period of post-erosional volcanism that postdated
break up and erosion of the margin and the transition
from continent to ocean (i.e. post-rift) (Plate 4). It is on
this basis that we interpret the volcanism along the
eastern margin of the Red Sea and in south-western
Arabia in terms of pre-, syn- and post-rift activity.
Recent considerations of erosion on the uplifted Red
Sea margins (Menzies et al., 1996b) indicate that
extension and erosion were essentially synchronous.
The major period of extension/erosion to have affected
the Red Sea margins occurred at < 26 Ma.

Magmatic phases

Pre-rift magmatism (> 26 Ma) includes those extrusive
(i.e. sub-aerial volcanic flows) and intrusive (i.e. dikes,
sills and plutonic) rocks that formed prior to widespread
extension and erosion on the margins of the Gulf of
Aden or the Red Sea. Such magmatism may have been
synchronous with surface uplift (Menzies et al., 1996a,b)
which crustal cooling data (i.e. apatite fission track
analyses) indicate most likely happened in the Oligo-
Miocene. The only sedimentological evidence for base-
level changes at this time is within the Tawilah Forma-
tion. The gradual change from the marine to fluvial
sedimentation, palacosol development and sub-aerial
volcanism is consistent with a base level change on the
order of tens of metres. This is interpreted as the earliest
expression of surface uplift (Menzies et al., 1996a,b).
Pre-rift magmatism was initiated by deep mantle pro-
cesses (e.g. plumes) and presumably the pre-rift litho-
sphere was thicker and colder than it is today (i.e. low
heat flow : shield geotherm).

Syn-rift magmatism (26-20 Ma) includes extrusive
and intrusive rocks that formed during extension and
enhanced erosion on the margins of the Gulf of Aden or
the Red Sea. Syn-rift magmatism was driven by shallow
mantle processes in the asthenosphere and presumably
the syn-rift lithosphere had a thickness and temperature
not very different from those existing today (i.e. high
heat flow : oceanic geotherm).

Post-rift magmatism (<20 Ma) includes extrusive
and intrusive rocks that formed after the main period of
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extension and erosion on the margins of the Gulf of
Aden or the Red Sea. In many cases, post-rift magmat-
ism occurred once the rift shoulder had been uplifted,
extended and eroded. Presumably post-rift magmatism
was driven by shallow mantle processes and the post-rift
lithosphere was thin and hot (oceanic/ridge geotherm)
similar to that observed on the margins of the Gulf of
Aden and the Red Sea today.

Pre-rift magmatism

Saudi Arabia

The earliest expression of Cenozoic volcanism in Saudi
Arabia (Plate 5) occurs at Harrat (i.e. plateau) Hadan,
the expression of a large north—south trending volcano
comprising olivine alkali basaltic lava flows. These lavas
have been dated by “°Ar/*Ar methods at 27-28 Ma
(Sebai er al,, 1991). In southern Saudi Arabia, the
Harrat As Sirat (Plate 5) is composed of alkaline basalts
that have K-Ar ‘dates’ in the range 30-20 Ma (Du Bray
et al., 1991). Other poorly constrained K-Ar ‘dates’ and
field relationships indicate similar ‘ages’ for the Harrat
Harairah, Harrat Ishara, the lower part of Harrat
Uwayrid and isolated basalts north of Harrat Rahat.
Given the uncertainties in K-Ar data, outlined earlier,
no conclusions can be drawn from these K-Ar data
other than to say that such volcanism is probably
>20 m.y. ago (Camp and Roobol, 1991) and as such
may be pre- or syn-rift.

Yemen

The largest volcanic province in Arabia was erupted in
Yemen (Plates 4, 5) before the main rifting episode that
formed the Gulf of Aden and the Red Sea (Menzies
et al., 1992; Davison et al., 1994). In the central and
northern part of the Yemen LIP volcanostratigraphic
and Ar/*Ar chronostratigraphic studies (Baker et al.,
1994, 1996) have established that basaltic magmatism
began at 30.9 Ma with a cumulative thickness of
1000-1500 m of basaltic rocks. Throughout western
Yemen an important switch from basaltic to bimodal
magmatism occurred at 29 Ma and this period of
combined basaltic and silicic magmatism lasted from
29.1 to 26.5 Ma with a cumulative thickness of c.
1000 m. Formation of the Yemen LIP appears to have
ended between 26.9 and 26.5 m.y. ago, evident as an
erosional unconformity at the top of the basalt-rhyolite/
ignimbrite (i.e. bimodal) units (Baker et al., 1996). In the
southern part of the Yemen LIP, Zumbo et al. (1995)
reported “°Ar/*’Ar ages of 28.9 and 26.5 Ma for two
basalts at the bottom and the top of a volcanic section
respectively. These “°Ar/*’Ar data reiterate the sugges-
tion that volcanism ceased around 26.5 Ma (Baker ef al.,
1996). However, the lowermost flow in this section is by
no means basal since it coincides in age with the period

of bimodal volcanism in northern Yemen (i.e. 29-26 Ma).
Overall bimodal volcanism in Yemen occurred before
the main phase of extension and break up (Figure B2.2;
(Davison et al., 1994) when the erosional response to
surface uplift appears to have been largely suppressed
judging from the lack of major erosional unconformities
and interflow sediments.

Syn-rift magmatism

Saudi Arabia

Following the pre-rift eruption of scattered alkaline
volcanic rocks, a major period of tholeiitic dike intru-
sion occurred along the Arabian coast. The Tihama Asir
and Al Lith magmatic complexes (Plate 5) were intruded
along north-west basement faults (e.g. Najd). These
magmatic complexes comprise important volcanic se-
quences, intrusive rocks (i.e. feeder dike swarms) and
associated plutonic bodies. A system of gabbroic dikes
(10-100 m thick) is evident along the coast from Saudi
Arabia to Sinai and a recent “*Ar/*Ar study of this
magmatism has revealed that it occurred between
21 and 24 Ma (Féraud et al., 1991; Sebai et al., 1991).
This is a very short period of magmatic activity when
one considers that magmatism of this type extends along
the Red Sea rift margin for > 1000 km. Since this dike
swarm parallels the orientation of the Red Sea it is
considered to have been coeval with formation of the
proto-Red Sea (Plate 5).

Yemen

Pre-rift eruption of the Yemen LIP was followed by a
period of syn-rift volcanic activity associated with lower
eruption rates and emplacement of plutonic rocks (e.g.
gabbro—granite-syenite) (Chazot and Bertrand, 1993;
Blakey ef al., 1994) (Plates 4, 5). “°Ar/*Ar dates indicate
that the plutonic rocks of western Yemen were intruded
from 21.4 to 22.3 Ma (Zumbo et al., 1995). This time
period is substantiated by Rb-Sr dates from granites
(Blakey et al., 1994). “*“Ar/*Ar plateau ages on intrusive
rocks (Zumbo et al., 1995), cutting the LIP, range from
25.4to 16.1 Ma suggesting that LIP formation straddled
the boundary between pre-rift and syn-rift and was
active for a longer period than the preserved volcano-
stratigraphy of the pre-rift LIP. Although LIP vol-
canism appears to have finished around 26 Ma, a
significant part of the LIP may have been removed
during Oligo-Miocene erosion (Menzies et ai., 1996a,b)
between 26 and 19 Ma. This time interval is marked by
an unconformity at the top of the LIP where volcanic
rocks with ages of 26 Ma are overlain unconformably by
a volcanic unit with an age of 19 Ma (Baker ez al., 1996).
This emphasizes the fact that syn-rift volcanic activity
was associated with a period of enhanced erosion and
widespread extension in contrast to the earlier pre-rift



period of volcanism (26-31 Ma) when erosion and
extension was minimal (Menzies et al., 1992; Davison
et al., 1994). It is important to note that the time range
for this large intrusive event in Yemen corresponds to
the main magmatic event recorded along the coast of
Saudi Arabia between 21 and 24 Ma (Féraud et al.,
1991; Sebai et al., 1991). It should be mentioned that
extension and erosion, apparent in the Yemen LIP (26—
20 Ma), coincided with rifting in the Gulf of Aden prior
to sea-floor spreading (c. 20 Ma). Clearly a significant
change in the volcanic and tectonic history of western
Yemen occurred around c¢. 26 Ma probably driven by
the opening of the Gulf of Aden and north-eastwards
movement of Arabia away from Africa.

Verification of the syn-rift status of magmatism in
western Yemen is forthcoming from a recent integration
of **Ar/**Ar data (Baker et al., 1996) with apatite fission
track analyses (Menzies et al., 1996a,b). Combined chro-
nological data indicate that: (a) volcanism (31-26 Ma)
predated a major period of continental extension (break
up) (<26 Ma); (b) erosion (i.e. erosion/denudation)
largely took place in <26 Ma, indicating that surface
uplift, which must precede erosion, occurred >26 m.y.
ago; (c) Tertiary reactivation of lineaments of Gond-
wana and Jurassic age was important, and (d) the
volcanic margin in western Yemen evolved in response
to surface uplift and volcanism followed some 5 m.y.
later by extension and erosion.

Post-rift magmatism

Saudi Arabia

One of the largest alkaline volcanic provinces in the
world (Figure B2.2) erupted after the main period of
rifting and erosion in the Gulf of Aden and the Red Sea.
Fissural alkaline volcanism extended over more than
1500 km from the Al Birk volcanic field in the southern
part of Saudi Arabia (Plate 5) to Syria and Jordan in the
north. For most of the harrats (Figure B2.2), the
eruptive fissures were oriented north-south, but in some
cases (e.g. Harrat Uwayrid) the direction of the fissures
was parallel to the previously described Oligo-Miocene
dikes. *°Ar/*’Ar data obtained on these formations
(Sebai, 1989) indicate ages of <5 Ma. Most of the K-Ar
dates are also <5 Ma (Camp and Roobol, 1992).

Yemen

The alkaline province in Saudi Arabia continues south
into Yemen (Plates 4, 5) where post-rifting and post-
erosional volcanism is more diversified, but less volu-
minous and widespread, than in Saudi Arabia. One of
the main volcanic features is the Aden Volcanic Line
that extends along the south coast from Perim Island in
the west to Aden in the east (Plate 4). This volcanic line
comprises six important volcanic centres with basaltic
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and highly differentiated rocks (Gass and Mallick, 1968;
Cox et al., 1969; Cox et al., 1970, 1977; Mallick et al.,
1990; Chazot, 1993). The location of these volcanic
centres on a line along the south coast suggests a strong
structural control on volcanism. In addition, several
volcanic centres exist near Sana’a, Sada’a, Dhamar and
Jabal An Nar. Unfortunately, no precise **Ar/*’Ar data
exist for these rocks so the ‘ages’ are based on K-Ar data
and cannot be confirmed. In the area of Sana’a, K-Ar
data indicated a period of volcanism around 10 m.y.
(Capaldi et al., 1983; Manetti et al., 1991) and in the
case of the Aden Volcanic Line, K-Ar dates (Mallick
et al, 1990) indicate that volcanism lasted from
11 to 5 Ma, with an age progression from west (Perim
Island) to east (Aden). However, this needs to be
confirmed as spatial time progressions have been found
elsewhere in the pre-rift volcanic rocks, using K-Ar data
(Al’Kadasi, 1994), but **Ar/>’Ar data have shown them
to be invalid (Baker ef al., 1996).

Fissural basaltic eruptions created several volcanic
provinces (Plate 4) in more recent times. Five post-
erosional alkaline volcanic fields were erupted; Sana’a,
Marib, Dhamar, Bir Ali, Ataq and Shuqra (Cox et al.,
1977). Their state of preservation indicates that they are
very young with an historical eruptionin Sana’a around
AD 200-500. Again no *°Ar/*’Ar data exist for this
episode, ages cannot be confirmed and only a few K-Ar
ages are available on these volcanic rocks (Huchon ez al.,
1991). Plio-Quaternary volcanism in Yemen around the
Masila High of the Hadramaut (Watchorn 1995, this
volume) is far less important in volume and extent, than
in Saudi Arabia, and the orientation of the eruptive
fissures is also different.

ARABIAN PLATE MAGMATISM

It is beyond the scope of this paper to review in detail
the origin and evolution of pre-, syn- and post-rift
magmatism on the Arabian plate since the late
Oligocene. Two main sources can contribute to basaltic
volcanism at the surface of the earth, the mantle and the
crust, and in south-western Arabia mantle sources
include possible mantle plumes beneath Afar, the
asthenosphere (convecting upper mantle) that underlies
the present-day Gulf of Aden and Red Sea ridges and
the lithospheric mantle which underlies the crust.
Crustal sources can contribute during crustal under-
plating at the crust-mantle boundary (Moho) or during
magmatic evolution in shallow fractionating magma
chambers in the upper crust (Camp and Roobol, 1992).
Since many of the rocks erupted at the surface in the
Arabian Plate are basaltic an initial mantle component
is believed to have been involved but a later overprint,
from interaction with crustal rocks, has contaminated
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many of these rocks. Detailed studies of volcanism in
Djibouti (an area of thin crust, high heat flow with a
shallow low velocity zone) define the unique chemical
characteristics of the Afar mantle plume (Vidal et al.,
1991; Deniel et al., 1994). Basalts erupted along the
spreading ridge axes of the Red Sea (Fissen ef al., 1989;
Volker et al., 1993) and the Gulf of Aden (Schilling et al.,
1992) define the isotopic composition of the astheno-
sphere (i.e. convecting upper mantle). In addition,
studies of lithospheric mantle xenoliths found in volca-
nic rocks at Bir-Ali, Ataq, Marib (Yemen) (Plate 4)
(Chazot et al., 1996a, b) and in Saudi Arabia can help us
define the chemistry of the shallow sub-crustal mantle.
Similarly, the nature of the crust, that may have
contributed to magmatism, is forthcoming from the
study of crustal rocks exposed at the surface or brought
to the surface as xenoliths in recent volcanic rocks.

The earliest expression of continental rifting probably
began in the Gulf of Aden at ¢. 35 Ma (Watchorn 1995,
this volume) and some ¢. 10 m.y. later in the Red Sea
and the Gulf of Suez (Bosworth 1995, this volume). The
latter would indicate near synchronous development of
the Gulf of Aden and the Red Sea along its entire length
in under 5 m.y. This is supported by the age of the
extensive dike swarm in the Red Sea (Plate 5). This
opening or extension relates to movement of the
Arabian plate away from the African plate, westward
propagation of the Sheba ridge through the Gulf of
Aden and upwelling of the Afar plume beneath Afar.
Initiation of sea-floor spreading in the Gulf of Aden and
the Red Sea is another key point which is difficult to
resolve. In the Gulf of Aden, Courtillot (1980, 1982) and
Cochran (1981, 1982) have used oceanic magnetic
anomalies to demonstrate that formation of oceanic
crust started at ¢. 10-12 Ma. This is in contrast to recent
palaeomagnetic work in the Gulf of Aden (Sahota et al.,
1995) that revealed oceanic crust with an age of
c. 20 Ma. In the Red Sea, it is generally accepted that
sea-floor spreading occurred between 5 and 6 Ma
(Tzzeldin, 1987) although rift development preceded this
by 10 m.y. The recent work in the Gulf of Aden (Sahota
et al., 1995) negates the suggestion that oceanic crust
may have formed at the same time in the Red Sea and
the Gulf of Aden (Le Pichon and Francheteau, 1978; Le
Pichon and Gaulier, 1988). In both the Gulf of Aden
and the Red Sea, sea-floor spreading post-dated the
earliest expressions of rifting by some 15 m.y. (Court-
illot et al., 1987b).

Pre-rift volcanism

Pre-rift volcanism was erupted through thick and cold
lithosphere. To what extent the lithosphere had retained
its initial architecture (i.e. pre-Gondwana) is not
known, but it is obvious that the formation of major

extensional basins in the Jurassic (Balhaf graben) must
have been associated with a certain amount of litho-
spheric heating and thinning. This process would have
converted pre-existent Gondwana lithosphere. Volcanic
activity on the Gulf of Aden and Red Sea margins
predated Miocene extension and erosion and the vast
volumes of material erupted supports the generally
accepted view that LIP volcanism in Yemen (and in
Ethiopia) was related to impingement of mantle
plume(s) beneath the Afro-Arabian lithosphere (White
and McKenzie, 1989; Richards et al., 1989; Hofmann
et al., 1995). In Yemen, Oligocene magmatism (Plate 4)
was initiated by the Afar mantle plume and transfer of
magmas through the lithosphere led to the involvement
of either the lithospheric mantle (Chazot, 1993; Chazot
and Bertrand, 1993) or the continental crust in magma
production (Chiesa et al., 1989; Baker et al., 1994). Pre-
rift alkaline volcanism in Saudi Arabia may have had a
similar origin but is yet to be studied in detail for both
its geochemistry and age.

Syn-rift volcanism

Syn-rift volcanism was erupted through lithosphere
undergoing extension as a result of the separation of
Arabia from Africa. The dike swarms in Saudi Arabia
were intruded into continental lithosphere that had been
heated and thinned after a period of plume activity in
the preceding > 8 m.y. The location and orientation of
syn-rift magmatism and the restriction in age indicates
that syn-rift volcanism in Saudi Arabia was related to a
major episode of continental rifting along the present
Red Sea. One could argue from the orientation of pre-
rift and syn-rift magmatism that the plume that was
responsible for much of the pre-rift magmatism helped
orient subsequent rift propagation in the Red Sea
(Plate 5). Syn-rift magmas are chemically distinct from
pre-rift magmas indicating a change in source due to a
changing thermo-tectonic regime. The syn-rift magmas
of Saudi Arabia are believed to have originated in the
asthenosphere with no involvement of the Afar plume
(Camp and Roobol, 1992). Syn-rift volcanism in Yemen
takes the form of emplacement of gabbro—granite-
syenite plutons (Blakey et al., 1994), intrusion of dikes
(Zumbo et al., 1995) and extrusion of volcanic rocks.
The exact source of these rocks is not known but is
believed to be complicated and to have involved
heterogeneous mantle and crustal sources.

Post-rift volcanism

Post-rift magmatism (Plate 5) was erupted through the
Arabian lithosphere after separation from the African
plate. The architecture of the lithosphere was little
different from that today and post-rift volcanism



(besides postdating widespread extension) also postdat-
ed surface uplift and erosion on the Red Sea margin.
Although post-rift magmatism in Saudi Arabia is
located well beyond any possible influence of the Afar
plume under Ethiopia, the volcanic rocks have the
signature of the Afar plume (Altherr et al., 1990). Camp
and Roobol (1992) suggested that convective flow
emanating from the Afar plume had produced an
elongated and extended lobe of hot mantle beneath
Arabia thus permitting the involvement of Afar sources
in magmatism at this location. Post-rift magmatism in
Yemen is closer to the Afar plume, and volcanic centres
along the Aden line and elsewhere in Yemen have a
contribution from the plume and the asthenosphere
(Chazot, 1993). The only exception is the Bir Ali
volcanic field, east of Aden, which is probably out of
the ‘sphere of influence’ of the Afar plume (Chazot,
1993).

CONCLUSIONS

Three main periods of volcanic activity were associated
with break-up of the Afro-Arabian plate and the
formation of volcanic and non-volcanic rifted margins.
Overall volcanic rocks within any volcanic margin are
crucial ‘time indicators’ in that they can be precisely
dated using **Ar/*Ar techniques. Application of these
absolute dates to the evolution of margins of the Red
Sea and Gulf of Aden can provide valuable information
about;

1. Volcanism. The lowermost and uppermost volca-
nic rocks within a particular volcanic stratigraphy can
be dated thus defining the period of volcanic activity
(e.g. Yemen LIP, Baker et al., 1996). Individual volcanic
flows within a sedimentary sequence can provide a
valuable constraint on the age of that particular
stratigraphy. Sills and dikes postdate the sediments
and as such do not directly constrain the age of the
stratigraphy.
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2. Extension. Volcanic flows that cap faults within
any rock sequence can provide a ‘minimum’ age on the
timing of a period of rifting. Volcanic flows in the
hangingwall of domino fault blocks can provide a
‘maximum’ age for a period of rifting (e.g. Red Sea
margin, Davison et al., 1994). Similarly dike swarms can
constrain the timing of a period of extension (e.g. Red
Sea coast of Saudi Arabia, Sebai 1989; Feraud et al.,
1991; Sebai et al., 1991; Zumbo et al., 1995). However
caution must be exercised as dikes can be repeatedly
used over a period of time, such that the age of a dike
rock could constrain the latest intrusive episode but not
necessarily the earliest. In some cases extension can also
be dated using apatite fission track analyses because it
appears that much of the erosion (i.e. crustal cooling) on
the Red Sea, Gulf of Aden and Gulf of Suez margins
was initiated by extension (Menzies et al., 1996a).

3. Erosion. Volcanic flows that overlie erosional
unconformities can provide vital information on the
timing of a period of erosion (e.g. north-east Sana’a,
Baker et al., 1996).
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Tectonic and sedimentary evolution of the
eastern Gulf of Aden continental margins:
new structural and stratigraphic data
from Somalia and Yemen

P. L. Fantozzi and M. Sgavetti

ABSTRACT

The purpose of this work is to reconstruct the tectonic
and stratigraphic evolution of the eastern sectors of these
young margins. New structural and stratigraphic data
were collected for the two continental margins facing the
Gulf of Aden, in northern Somalia and southern Yemen,
by integrating field work, aerial photo analysis and
satellite multispectral data processing. A detailed strati-
graphic correlation of pre-rift, Mesozoic to Eocene strata
was constructed through north-eastern Somalia (Mig-
iurtinia region), and selected sections were correlated
between the two sides of the Gulf. The analysis of the
deformation of these strata leads to the recognition of
west-north-west—east-south-east trending half-graben
and tectonic depressions, separated by structural highs
interpreted as transfer zones. The transfer zones appear
to be located on the landward extension of transform
faults in the oceanic setting of the Gulf, and the tectonic
depressions are approximately parallel to the oceanic
ridge. Oligo-Miocene syn-tectonic basins developed
within the depressions, and their patterns reflect their
tectonic evolution of the eastern sector of the Gulf of
Aden. The age of the deposits sealing the faults cutting
Eocene strata confirm a early-middle Oligocene age for
the beginning of rifting. The restoration of the pre-drift
setting leads to a matching of the continental structures,
such as basins and transfer zones, on the two sides of the
Gulf. The comparison between the tectonic and strati-
graphic features of both continental margins and the
oceanic setting of the Gulf of Aden, indicates that a
progressive crustal extension brought about the forma-
tion of oceanic spreading centres which correspond to the
pre-existing syn-rift basins.

INTRODUCTION

The Gulf of Aden is a young ocean in which the
formation of oceanic crust can be dated back to the
magnetic anomaly 5 (11 Ma), east of 54°E and not
earlier than of 34 Ma, west of this longitude (Cochran,
1981). According to Sahouta (1995) the oldest oceanic
crust of Gulf of Aden is 20 Ma. This age is in agreement
with a continental rifting of Lower Oligocene (see
below) and a continental drifting of 11 m.y. ago. We
think that the Cochran (1981) chronology of oceanic
drifting of Gulf of Aden is still valid because it is related
to an organized system of magnetic anomalies rather
than only a radiometric age of oceanic basalts. The Gulf
of Aden structure is characterized by an axial oceanic
Sheba Ridge segmented by several transform faults
expressed by approximately north-east—south-west frac-
ture zones (Laughton, 1966b; Laughton and Tramon-
tini, 1968; Laughton et al., 1970; Girdler and Styles,
1978; Cochran, 1981; Girdler, 1991) (Figure B3.1).

The Arabian and Somali continental margins of the
Gulf of Aden record the initial phase of crustal
extension which has previously been reported as late
Oligocene—carly Miocene (e.g. Cochran, 1981; Bosellini,
1986, 1992; Abbate et al., 1988). Several papers have
provided considerable data on the stratigraphic succes-
sion and the overall tectonic evolution of northern
Somalia (Azzaroli, 1958; Azzaroli and Fois, 1964;
Canuti and Marcucci, 1968; Ducci and Pirini, 1968;
Barnes, 1976; Bruni and Fazzuoli, 1977, 1980; Merla
et al., 1979; Altichieri et al., 1982; Bosellini, 1986, 1989;
Abbate et al., 1988; Luger er al., 1990; Boeckelmann and
Schreiber, 1990; Ali Kassim Mohamed, 1991, 1993)
and of southern Yemen (Beydoun, 1966; Greenwood
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Figure B3.1

and Bleackley, 1967; Schiippel and Wienholz, 1990;
Watchorn et al., this volume). The reconstruction of the
pre-rift palaecogeography has been generally based on
the overall continuity of certain geologic features and
facies belts on the two margins (e.g. Beydoun, 1978;
Bosellini, 1986, 1992; Abbate et al., 1988).

In this chapter, the authors present new stratigraphic
and tectonic data that support and better constrain the
time-space evolution of the rifting of the Gulf of Aden.
Specifically, (1) we present a detailed stratigraphic scheme
through north-eastern Somalia (Figure B3.3), from Las
Khoreh to the Indian Ocean; (2) we analyse the geometry
and tectonic significance of syn-rift basins along north-
east Somalia and south-east Yemen; (3) we correlate the
tectonic elements recognized on both the southern and
northern margins of the Gulf of Aden with the transform
faults and ridges that characterize this young ocean.

This enables us to restore the geometry and distribu-
tion of the Oligo-Miocene basins and their spatial
relationships during the rifting phase. The data used
include detailed field work integrated with analyses of
aerial photos and satellite multispectral images. Field
data are extensively documented in Fantozzi (1993,
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Schematic tectonic framework of the Gulf of Aden and location of the study area.

1996), and in the 1:200 000 geological map of north-
eastern Somalia (Fantozzi et al., 1993). Methodological
criteria for the construction of a stratigraphic correla-
tion framework from aerial photos and for the litho-
logical interpretation of multispectral remote sensing
data are reported in Sgavetti (1992) and Sgavetti et al.
(1995) and Ferrari et al. (1996), respectively. The
transition from continental to oceanic rifting, of the
Gulf of Aden, is discussed in detail in Fantozzi (1996).

GENERAL GEOLOGIC SETTING

On the two margins of the Gulf of Aden, pre-Palaeozoic
metasediments and Palaeozoic granites outcrop exten-
sively in the Hargeisha and Mait-Las Koreh areas in
Somalia, and in the Aden-Al Mukalla (Figure B3.1)
area in Yemen, and are overlain via a major unconfor-
mity by Jurassic to Quaternary sediments.

The Mesozoic to Eocene sediments of northern
Somalia and southern Yemen were deposited in an
overall eastward deepening basin, as documented by
westward shallowing facies tracts. To the west, the basin
was characterized by morphological highs exposing
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basements rocks, on which the Jurassic strata are often
absent and the entire Mesozoic section is locally strongly
reduced in thickness (e.g. Beydoun, 1970). Not consid-
ering the intense faulting affecting the entire area, the
overall regional dip of the strata is toward the Indian
Ocean, where Mesozoic strata are rarely exposed in
outcrop.

The Jurassic to Eocene strata have been grouped into
various formations, clearly correlatable on both sides of
the Gulf of Aden, and representing the pre-rift succes-
sion (e.g. Beydoun, 1966, 1970; Abbate et al., 1974;
Bruni and Fazzuoli, 1980; Bosellini, 1989, 1992; Cherchi
et al., 1993).

Post-Eocene strata are laterally discontinuous and
were deposited in downfaulted blocks, above an uncon-
formity related to the beginning of tectonic evolution
the Gulf of Aden. According to Cochran (1981), this
evolution was characterized by shoulder uplift in both
northern Somalia and southern Arabia simultaneously
with faulting. The timing of the rifting of the continental
margins is generally reported as lower Oligocene (Mac-

fadyen, 1933; Azzaroli, 1958; Bosellini, 1989), whereas
another phase of faulting is only inferred to occur at the
Oligo-Miocene boundary (Abbate et al., 1988). From
the literature, in north-east Somalia stratigraphic dates
are restricted to the Indian Ocean coast and Boosaaso
area (Figure B3.1), where Oligocene conglomerates were
recognized, with provenance from uplifted western areas
(Azzaroli, 1958). Westward, a stratigraphic transition is
reported from middle Eocene to upper Oligocene in the
Daban basin, in Somalia (Daban Series, Abbate et al.,
1988), and in the Habban-Al Mukalla (Figure B3.1) area
in south Yemen (Schiippel and Wienholz, 1990). Finally,
Miocene marine carbonate deposits (Dubar Series,
Macfadyen, 1933) unconformably overlie older Tertiary
and Mesozoic strata and, locally, the basement.

The present study areas are from north-east Somalia,
from west of Las Khore to the Indian Ocean, and a
more limited area located in south-east Yemen, from
Ras Sharmah to Ras Fartaq (Figures B3.1, B3.2, B3.7).
The two areas are bordered by Oligo-Miocene contin-
ental margins on the north and south Gulf of Aden

Figure B3.2 Mosaic of Thematic Mapper scenes of the northern Somalia study area. Colour composite of 321 (RGB) bands.



respectively. The evolution of the Eastern Gulf of Aden
seems strongly controlled by the tectonic structures of
both study areas, and in particular the development of
small, onshore syn-tectonic basins in fault-controlled
depressions. The area studied in Somalia comprises the
entire north-east sector of the Somali plate, bounded to
the east by the continental margin formed during the
rapid spreading of the Indian Ocean in Late Cretaceous
and Paleocene (Bosellini, 1986). The evolution of this
margin is recorded within the Paleocene and Eocene
stratigraphic succession, that indicates an overall trans-
gression from the east, which today is expressed by the
general eastward downwarping of the area.
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STRATIGRAPHIC FRAMEWORK
OF THE STUDY AREAS

The basement of the two areas consists mainly of low-
grade metasediments and late Pan-African granitic
intrusions. These are exposed in the Boosaaso and Ras
Antara areas in north-east Somalia, and in the Ras
Sharwayn area in south-east Yemen.

The Jurassic to Eocene strata in general consist of
continental and shallow marine siliciclastic and carbon-
ate deposits to the west, passing eastward into clastic
and pelagic marly sediments of the Indian Ocean
domain. These strata outcrop persistently throughout
both study areas (Figures B3.2, B3.3, Plates 6, 7), and

Figure B3.3  Lithostratigraphic framework north-east Somalia, from Las Khoreh to the Indian Ocean. After Fantozzi (1993).
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are part of formations described by Bosellini (1989,
1992; Cherchi et al., 1993).

In north-east Somalia, the recognized stratigraphic
units include, from base to top: (1) continental con-
glomerates and sandstones (Jurassic Adigrat Sandstone)
discontinuously overlying the basement, as the basal
clastic unit of Somalia; (2) a succession that we place in
the Ahl Medo Formation; the lower part comprising
shallow marine or lagoonal mixed siliciclastic and
carbonate deposits. These strata represent the Ahl
Medo Formation of Bosellini (1989), which have been
deposited in a fault-bound basin and are time equiva-
lents of the Adigrat Sandstone; the middle part of Ahl
Medo Formation consists of a carbonate platform
succession that represents the major Jurassic transgres-
sion (Uarandab Transgression, Bosellini, 1989; Cherchi
et al., 1993) related to the East Africa-Madagascar
rifting. This corresponds to the Hamanlei Formation,
Bihen Limestone and Gawan Limestone of previous
authors (Abbate ez al., 1974, 1988; Bruni and Fazzuoli,
1977, Merla et al., 1979; Bosellini, 1989). The upper part
of this formation is represented by a regressive succes-
sion and contains surfaces of subaerial exposure. (3)
Late Barremian—Cenomanian shallow water, cyclic car-
bonates are included into the Mustahil Formation
(Figure B3.3) (Cherchi et al., 1993). (4) Continental
and nearshore siliciclastic strata are part of the upper
Cretaceous Yesomma Formation. (5) Transgressive
Maastrichtian-Palaeocene massive or thick-bedded shal-
low-water platform limestones, that represent the lower
part of the Auradu Formation (Macfadyen, 1933); these
strata comprise at least four shallowing-up cycles, and
are transitional upwards into 6. (6) Evaporitic facies of
the Taleh Formation of Lower-?Middle Eocene, which
includes of the Allakajid beds (Macfadyen, 1933). (7)
Cyclic, shelf carbonates representing the Eocene Karkar
Formation. (8) Marls, psammitic limestones and bio-
clastic limestones of the Gumaio Formation outcrop
along the Indian Ocean coastline (Marchesini and
Rocca, personal communication). These are laterally
equivalent to parts of the Taleh and to Karkar Forma-
tions.

Lithological observations, measured sections, aerial
photographs and data analysis of remote sensing, and
biostratigraphical data and from Azzaroli (1958),
Bosellini (1989), Cherchi er al. (1993) and Fantozzi
(1993), have been integrated to obtain the lithostrati-
graphic correlation shown in Figure B3.3. In aerial
photographs, strata and stratal surfaces are primarily
expressed by the lithological contrast between adjacent
strata on the land surface. In multispectral satellite
images, strata with different lithological properties are
expressed by characteristic responses, referred to as
spectral image facies (Plates 6, 7, Ferrari, 1993; Chiari
et al., 1994; Ferrari et al.,, 1996). The lithologic units

recognized in the field provide the ground truth for the
packages of strata prominently expressed in aerial
photographs and in the multispectral images, and were
traced from the Ahl Medo area to the Indian Ocean
(Figure B3.2).

Aerial photo-interpretation was also applied to anal-
ysis of the stratal patterns in the Ahl Medo—Qandala
area, where strata consist of continental, shelf and
restricted platform environments with carbonate and
evaporitic deposits. Through this analysis, a number of
prominent stratal surfaces and characteristic stratal
patterns were recognized and traced (Figure B3.4),
resulting in a correlation framework based on surfaces
approximating stratal surfaces and therefore having a
relative chronostratigraphic significance. Within this
framework the multispectral image facies can be directly
integrated, and lithologically significant units thus can be
correlated along prominent surfaces. As a result, the
formations recognized in this sector, which are often
characterized by lateral facies changes, have been subdi-
vided into minor units bounded by surfaces, traced both
within and between formations, and within which
lateral facies transitions can be evaluated. One of the
most striking examples is the prominent surface (2 in
Figure B3.4) that separates thick-bedded limestones and
dolostones of the lower Taleh Formation from the
overlying thin-bedded aphanitic and very fine dolostones
in the upper Taleh Formation. Another example is the
thin unit (1 in Figure B3.4) recognized within the Auradu
Formation and easily traceable through the entire area.

The final stratigraphic framework and map (Fantozzi
et al., 1993) obtained by combining both large-scale and
minor stratigraphic units formed the base for delineating
the pre-rift stratigraphy of the area and for a first-order
geometric characterization of the tectonic structures.

Yemen pre-rift
In the pre-rift strata of south-east Yemen we recognize:

1. Mixed siliciclastic and carbonate strata, equivalent to
the Amran Group (Beydoun, 1970). These strata
should overlie the conglomeratic Kohlan Formation,
but this is not recognized in the study area.

2. Mainly carbonate succession, corresponding to the
Barremian—Aptian Qishn Formation (Beydoun,
1970) and the Ras Fartaq Formation (Wetzel and
Morton, unpublished data, 1948; Beydoun, 1966,
1970; dated Albian—Turonian in Bosellini, 1989). This
passes westward into the siliciclastic Harshiyat For-
mation (Beydoun, 1970; Bosellini, 1989).

3. Continental strata containing several hardground
sections and levels with vegetal fragments that
represent the widely occurring Mukalla Formation.
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Figure B3.4  Photostratigraphic correlation framework of pre-rift strata through Ahl Medo’-Ahl Miskat area. The columnar sections (location in
Plate 6(a)) were derived from the erosional profile of the strata in aerial photos and were correlated to lithological units and biostratigraphic data in
the field. Strata correlation was based on prominent, laterally persistent stratal surfaces clearly traceable in aerial photos. 1, 2: prominent correlation

surfaces. Slightly modified after Sgavetti et al. (1995)

4. Marly carbonate and micritic carbonates which are
part of the upper Cretaceous Ras Sharwayn Forma-
tion.

5. Thick, shallow-water marine limestones representing
the Paleocene Uma er Raduma Formation (Beydoun,
1970). Within these units selected sections were
measured and correlated with the units outcropping
in Northern Somalia (Figure B3.5). This correlation
is discussed later in the chapter.

Somalia and Yemen syn- and post-rift

The Oligo-Miocene syn-rift and post-rift strata exposed
in the study areas infill small fault-controlled basins
aligned along the Gulf of Aden coasts and located in the
Boosaaso, Qandala, El Gal and Aluula areas in North-
ern Somalia, and in the Sayut, Ras Uqab and Qishn
areas in Southern Yemen (Figures B3.6 to B3.8). In
north-east Somalia, the syn- and post-rift strata we
have measured include: (1) continental and lagoonal
deposits corresponding to the Scushuban Formation
(Azzaroli, 1958) and Daban Series (Abbate et al., 1988);

(2) mainly bioclastic carbonate, marine strata represent-
ing the Miocene Dubar Series (Macfadyen, 1933); (3)
continental conglomerate deposits representing the Up-
per Conglomerates of Azzaroli (1958) and Boulder Beds
of Macfadyen (1933). In the Boosaaso and Qandala
basins, we observed Oligocene deposits clearly sealing
the faults affecting the Eocene strata. These deposits,
contain Austrotrillina asmariensis, Adams, suggesting a
Rupelian—Chattian age (Ali Kassim, 1991, 1993; Fan-
tozzi, 1992) thus documenting an Oligocene age for the
initial stages of the rifting. In south-eastern Yemen, the
base of the syn-rift infill of the basins is represented by
Oligo-Miocene strata of the Shir Group (Beydoun,
1968, 1970). The sedimentary geometry of these units
within different syn-rift basins is discussed in a following
section.

TECTONIC SETTING OF THE AREAS

The general structure of north-east Somalia is charac-
terized by tectonic depressions elongated in a west-north-
west—east-south-east direction, which separate complex
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LITHOSTRATIGRAPHY OF OLIGO-MIOCENE STRATA
(GUBAN SERIES) IN NORTHERN SOMALIA

Figure B3.6  General lithostratigraphic sections of the Oligo-
Miocene strata (Guban Series) in the Boosaaso and Qandala-El Gal
basins.

structural highs (Figures B3.7, B3.8). They form a system
of half-graben bounded by west-north-west—east-south-
east, north-west—south-east normal faults. These faults
affect the pre-rift strata with displacements in the order
of kilometres. The faults bordering contiguous half-
graben systems sometimes dip in opposite directions, so
that a ‘transfer zone’ or ‘accommodation zone’ develops
in the transition area between contiguous half-graben
systems (Figures B3.9, B3.10; Bosworth, 1985; Bosworth
et al., 1986; Rosendahl et al., 1986; Morley, 1990); syn-
and post-rift Oligo-Miocene basins developed within the
structural depressions.

In north-east Somalia the following basins and
structural highs can be easily identified from west to
east (Figure B3.9):

e the Ahl Medo Mountains structural high

o the Boosaaso Basin

e the Ras Antara—Ahl Miskat Mountains structural
high
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o the Qandala—FEl Gal basin
e the Ahl Bari Mountains structural high
o the Aluula Basin

The most significant examples of transfer zones are in
the Boosaaso and Quandala—FEl Gal areas and these will
be described in a following section. The Ahl Bari Plateau
is characterized by the presence of numerous normal
faults and associated roll-over folds (Figures B3.8,
B3.9). The structural style of this area, completely
different from the rest of north-east Somalia, can be
explained by facies changes within the sedimentary
sequences from the north-west (Dhurbo area) to the
Indian Ocean coast. In the Dhurbo area, the Creta-
ceous—Eocene sediments consist of platform limestone,
followed by more than 200 m of sandstone and by
Paleocene—Eocene platform limestones. To the east and
north-east, this sequence passes laterally to- a monoto-
nous succession of marls and marly limestones. These
‘plastic’ horizons may have favoured the detachment of
the Paleocene-Eocene platform limestone, producing
listric normal faults and large-scale roll-over folds.

In south-eastern Yemen, the following -basins and
structural highs are identified, from east to west, in the
area between Ras Fartaq and Ras Sharmah facing
northeastern Somalia (Figure B3.7):

. the Ras Fartaq structural high

. the Oligo-Miocene Qishn Basin

. the Ras Sharwayn structural high

. the Oligo-Miocene basin immediately to the west of
Ras Sharwayn

. the Sayut structural high

. the Oligo-Miocene Sayut Basin

. the transition area between the Sayut Basin and the
large Oligo-Miocene basin outcropping between Al
Mukalla and Ras Sharmah

WO =

~1 O\ WD

Tectono-stratigraphic setting of the syn-rift basins

The overall depositional strike of the syn-rift basins is
west-north-west—east-south-east and the stratal dip is
toward the Gulf of Aden for almost all basins. In
general, these strata are only slightly deformed, except in
the vicinity of major faults where the continental
deposits may sometimes be involved in roll-over folds.
The integrated analysis of stratal patterns and tectonic
structure of the basins and highs assists in the accurate
definition of the transfer zones, of which the most
interesting are located in the Boosaaso and Qandala—Fl
Gal areas.

The sedimentary fill of the Boosaaso Basin is shown
in Figure B3.11. In the lower part of the succession in
the south, lenses of coarse-grained sandstones and
conglomerates containing basement fragments are pres-
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Figure B3.10  Transfer zone sketches, after Morley et al. (1990). (a), (b): colinear converging transfer zone; (c), (d): superposed conjugate

converging zones.

ent locally, and have been dated Rupelian—Chattian
(Oligocene Shimis sandstones of Azzaroli, 1958; Ali
Kassim, 1991, 1993; Fantozzi, 1992). This age represents
the beginning of rifting in this area. The overall facies
pattern indicates, from south to north, a restricted shelf
and lagoonal complex with fluvial influences, passing
seaward to a north-westerly prograding marine succes-
sion, separated by a barrier formed by prevalent
organogenic limestones (Figure B3.11). Alluvial fan
conglomerates are interbedded in both the Oligo-
Miocene lagoonal and marine strata.

In the Boosaaso area the following features indicate
that a transfer zone developed between the structural
domains of the Ahl Medo and those of the Ahl Miskat
(Figure B3.8):

1. The normal faults which delineate the Ahl Medo
and Ahl Miskat half-graben converge in this area.

2. The normal faults bordering the Ahl Medo and
Ahl Miskat half-graben have the same strike but
opposite dip: north-north-east in Ahl Miskat and
south-south-west in Ahl Medo.

3. In the south-eastern sector of the Boosaaso Basin
the basal contact between the Oligo-Miocene and the
pre-rift strata is exposed, showing the pre-rift strata
occur in a north-north-east-dipping half-graben. It is
possible that this half-graben system, dipping toward
the Gulf of Aden, continues under the Boosaaso Basin.
This structural setting is not consistent with the large
northward displacement of the Ahl-Medo border fault
(Majian Fault). Structural constraints suggest the pres-
ence of a transfer zone between the Ahl Medo and Ahl
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Figure B3.11

Miskat. Figure B3.12 shows the reconstruction of the
geometry of the complex structure formed by the
association of the Boosaaso Basin and the Ahl Medo-
Karin transfer zones.

The well-exposed Oligo-Miocene infill of the Qandala
basin indicates the northward depositional dip of the
basin (Figure B3.13). The conglomerates and sand-
stones, outcropping near the Qandala fault, are inter-
bedded with increasingly more abundant marine

Stratigraphic sections of the syn-rift strata across the Boosaaso Basin, in an overall depositional dip direction, from north to south.

deposits toward the Gulf of Aden coast, having a
depositional trend similar to that of the Boosaaso Basin.
The Qandala Basin is bound to the west by the Ras
Antara and Qandala faults.

The Ras Jibirro structural high separates the Qandala
and El Gal basins. The structural setting of this zone,
extending from Ras Jibirro for about 40 km southward,
is characterized by small horst and graben in which the
pre-rift sediments outcrop. In this area the vertical



Tectonic setting of the areas 69

Figure B3.12  Schematic block-diagram of the Boosaaso Basin and transfer zone between Ahl Medo and Ahl Miskat areas (courtesy

L. Carmignani).

displacement of the Qandala and El Gal faults dimin-
ishes markedly.

The widely exposed Oligo-Miocene strata of the El Gal
Basin indicate a south-eastward depositional dip (Figure
B3.11), in contrast with the Qandala Basin. Southward,
the transition between continental and marine deposits
indicates maximum marine ingression during the Mi-
ocene. As with the Qandala Basin, the El Gal Basin is
characterized by an asymmetric geometry bounded at its
north-east margin by the El Gal Fault.

From the above discussion, we summarize that the
Boosaaso Basin may be considered to be a transfer zone
analogous to those described from the East African Rift
(Rosendahl et al, 1986) and to those described
in the classification scheme of Morley er al. (1990)
(Figure B3.10). The Ras Antara area, where the granitic
basement crops out, is also related to the development
of a transfer zone. The structure of the Qandala—El Gal
Basin comprises two tectonic depressions the outer
limits of which are represented by two west-north-west—
east-south-east oriented faults, separated by the Ras
Jibirro high (Figure B3.13). The structural setting of the

Qandala—El Gal Basin is in agreement with the classi-
fication of the transfer zone of Morley et al. (1990) and
is sketched in Figure B3.10(b).

Correlation between north-eastern Somalia
and south-eastern Yemen

The structure of north-eastern Somalia shows a consis-
tent relationship with the structure of the continental
platform between Ras Jibirro and Ras Gohan (Soma-
lia). Along this transect, the continental platform is
characterized by north-east-south-west oriented slopes
and west-north-west-east-south-east oriented basins.
The slopes are always located on the lateral projection
of the transform faults to the continent and coincides
with the transfer zones observed on the continental
margins (Figure B3.8). The basins are always located at
the projection of the oceanic ridges into the continent
and coincide with the Oligo-Miocene syn-rift basins
developed in the continental margin. This indicates that
the basins, which developed during the initial stages of
continental rift, were those in which the spreading sites
originated during the later stages of oceanic rifting. The
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Figure B3.13  Schematic block-diagram of the Qandala and El Gal basins and the intervening Ras Jibirro transfer zone (courtesy L. Carmignani).

transition areas between one structurally depressed area
and another are sites of accommodation zones which,
during the phases of oceanic rifting, guided the devel-
opment of the subsequent fracture zones. Such a model
can be verified by restoring the pre-drift geometry of
both margins of the Gulf of Aden, in order to obtain a
complete picture of the pre- and syn-drift geometry.

For an ocean basin where well-developed transform
faults extend to steps in the continental shelf, the
opening pole of the ocean may be obtained by matching
structural lineaments, coastlines and isobaths of the
continental margins.

For this reconstruction, we have compared selected
sections on the two sides of the Gulf, correlating the most
significant pre-rift stratigraphic markers. The sections are
located in Ras Antara (northern Somalia) and Ras
Fartag (southern Yemen), and in Dhurbo (northern
Somalia) and Ras Sharwayn (southern Yemen) areas,
and their correlation is shown in Figure B3.5.

In each section pairs, striking similarities are imme-
diately perceptible, as has been observed already in
other areas by previous authors (e.g. Beydoun, 1970;
Bosellini, 1986, 1989; Abbate et al., 1988). Among the
most easily correlatable stratigraphic units are the

Upper Cretaceous Yesomma Sandstone and Mukalla
Formation, representing a widespread continental inter-
val, and the laterally persistent Paleocene calcareous
Auradu and Uma er Raduma Formations.

New stratigraphic evidence from the study areas
permit a more accurate correlation of the sections. Both
the Ras Antara and Ras Sharwayn sections expose the
basement. In the Ras Sharwayn section, Wetzel and
Morton (Beydoun, 1970) reported the presence of
granites apparently intrusive in the metasedimentary
complex, and with an absolute age of 467 = 25 Ma. In
the Ras Antara section, the intrusive younger granite
(S.0.E.C., 1954) has similar petrochemical characteris-
tics and a comparable age of about 500 Ma. In the
Dhurbo section, a new outcrop of Cretaceous strata has
been recognized and assigned to the Mustahil Forma-
tion. Within these strata, a characteristic horizon
consisting of often well-preserved rudists was observed.
An identical reefal horizon with abundant rudists was
observed in a corresponding stratigraphic position in the
Ras Fartaq section.

The Jurassic strata outcropping in both Ras Antara
and Ras Sharwayn areas, and the Cretaceous strata
outcropping in both Dhurbo and Ras Fartaq areas are



faulted, and Oligo-Miocene strata onlap the fault
planes. Similar relationships between Oligo-Miocene
strata and more or less intensely faulted Mesozoic and
Eocene strata are observed in the various half-graben
and structural depressions, within which stratal arrange-
ment and facies patterns record the syn- and post-rift
evolution.

These correlations, combined with transform fault
directions, isobaths, coastlines and tectonic features of
both continental margins, enables the pre-drifting resto-
ration of the Gulf of Aden shown in Figures B3.14 and
B3.15. This reconstruction fits the kinematic constraints
of the Afro-Arabian rift system as described by Laughton
et al. (1970), Le Pichon and Francheteau (1978), Cochran
(1981). The pre-drift restoration of the continental
margins matches the two coastlines in a north-east—
south-west direction with a range of 30-50 km in
between. According to Cochran (1981, 1982), the entire
width of the magnetic quiet zone is 160 km and conse-
quently the average extension factor (8 = 300—500%)
can be calculated. This value is larger than a b= 3.6
calculated for a finite model of extension (Cochran, 1982).
The discrepancy between the extension data proposed in
this chapter and the data of Cochran (1982) is possibly
related to some uncertainty regarding the amount of dike
injection predicted by Cochran’s model for the magnetic
quiet zone. An increase in the magma injected into a
magnetic quiet zone leads to a reduction in the amount of
continental crust involved in the stretching process.
Consequently, this would lead to a reduction of the width
of a 160 km magnetic quiet zone and to a reduction in the
b factor proposed in this chapter.

The syn-rift tectonic structure

Based on the reconstruction in Figure B3.15, the
original extent of the major continental syn-rift struc-
tures of the margins of the Gulf of Aden can be
estimated. From east to west we observe:

1. The normal fault which delimits the western sector
of the Ras Fartaq structural high can be linked to the
normal fault which delimits the Dhurbo structural high.

2. The entire Ras Jibirro transfer zone is connected
with the structures in the central area of the Qishn Basin
(Ras Darjah area).

3. The north-north-west projection of the major
Qandala Fault corresponds to the fault bordering the
Qishn Basin to the west.

4. The intermediate area between the Qandala and
Ras Antara Faults is the extension of the relief located

»
»

Figure B3.14  Reconstruction of the syn-rift setting of the continental
margins of the Gulf of Aden, based on geological marine data
(Cochran, 1981, 1982) and structural and stratigraphic constraints.
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between the western edge of the Qishn Basin and the
Ras Sharwayn structural high.

5. The Ras Sharwayn and Ras Antara faults are
collinear but are displaced in opposite directions,
forming a transfer zone in which the transform fauit
‘A’ subsequently develops.

6. The small Oligo-Miocene basin to the west of Ras
Sharwayn extends into the Oligo-Miocene strata located
between the area north of Bio Qulule and the beginning
of the Ras Antara Gulf.

7. The Oligo-Miocene Boosaaso Basin is adjacent to
the basin between Sayut and Ras Sharmah. The normal
faults bordering the Sayut Basin to the north and north-
east fit the normal fault system located between Bio
Qulule and the Darror Valley in Somalia.

8. The fault east of Las Khore (Ras Adado) is an
important structure which causes the basement to
outcrop. It is a transfer zone in which the transform
fault ‘C’ will develop, possibly originating between the
north-north-east-dipping normal fault system (including
the Majian and Las Khoreh Faults in Somalia) and the
south-south-west-dipping fault system (including the
faults west of Ras Sharmah in Yemen).

DISCUSSION

The data presented show that the geometry of the
oceanic structures in the Gulf of Aden are strongly
controlled by the continental rifting of the Afro-Arabian
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plate. This relationship has been proposed by many
authors (Laughton et al., 1970; Cochran, 1981, 1982;
Withjack and Jamison, 1986; Abbate et al., 1988;
Bosellini, 1989; Fantozzi, 1992, 1993). Several authors
have also considered the effects of continental rift
structures on oceanic structures in different regions,
including the Bay of Biscay (De Charpal et al., 1978;
Montadert et al., 1979), the West African coast (Rosen-
dahl et al., 1986), the east coast of South America, the
Gulf of Suez and the Red Sea (Cochran and Martinez,
1988). In these regions transfer zones segmenting the rift
were observed.

The relationship between transfer zones of continen-
tal margins and oceanic structures is a recurrent theme
both in the proposed models for the evolution of passive
margins and in many examples of evolved or incipient
oceanic margins (Bally, 1981; Wernicke and Burchfiel,
1982; Gibbs, 1984; Bosworth, 1985; Lister et al., 1986;
Milani and Davidson, 1988; Lister et al., 1986). In the
rifting area, the axis of accommodation zones are not
parallel with respect to the basins’ axis; this degree of
non-coaxiality might result in strain softening and
focusing of late transverse structures. During continued
crustal stretching, transfer areas can result as sites of
major strain concentration, whereby syn-rift basins and
later oceanic expansion centres originate prevalently in
basin areas. The present-day northern Red Sea may
represent a situation similar to the pre-drift setting of
the Gulf of Aden proposed in this chapter (Figures
B3.15, B3.16). This represents an advanced rift setting

Figure B3.16 ~ Reconstruction of the Early Oligocene syn-rift setting of the southern Yemen and northern Somalia continental margins, showing the

basin areas and transfer zones.
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analogous to that studied by Cochran and Martinez
(1988) and Favre and Stampfli (1992) for the Red Sea
and compares with Bosworth’s ‘transitional basin’
(1993). In the northern Red Sea, according to Cochran
and Martinez (1988), a rift is developing and oceanic
expansion is incipient; this area is characterized by
crustal extension, concentrated in a lowered axial area,
and by basaltic intrusions. As crustal stretching contin-
ues, the intrusions evolve into limited expansion centres
that subsequently coalesce to form oceanic ridges.

In summary, in the restoration shown in Figure B3.16,
three important structurally depressed areas are recon-
structed, in which the syn-rift sequences were deposited.
These areas are the Qishn—Qandala Basin, the basin
between Ra’s Sharwayn and Ra’s Ugab including its
continuation into Somalia between Ras Antara and the
Boosaaso Basin, and the Sayut-Boosaaso Basin. These
three basins contain Chattian-Rupelian deposits (Oligo-
cene). The basins are delimited by transfer areas which
also extend into the two future continental margins.
From the reconstruction (Figure B3.16), it is also
evident that:

1. The Qishn—Qandala Basin is in a position which
was subsequently occupied by the oceanic ridge located
between the Alula Fartaq Fracture Zone and Fracture
Zone ‘A’.

2. The Oligo-Miocene basin between Ra’s Sharwayn
and Ra’s Uqab, including its prolongation in north-
eastern Somalia, occupies the area which will later be
occupied by the oceanic ridge between transform faults
‘A’ and ‘B’.

3. The Oligo-Miocene Boosaaso Basin and its exten-
sion into the Las Khore and Sayut Basins, occupies an
area in which the segment of oceanic ridge between
transform faults ‘B’ and ‘C’ later developed.

4. The Ra’s Jibirro transfer zone is an area intensely
deformed by small north-west—south-east oriented faults
having no strike-slip component. The Alula—Fartaq
Transform Fault has formed in this area of weakness.

5. Between the Ra’s Sharwayn and Ras Antara faults,
which are parallel, collinear and both displaced for
several kilometres in opposite senses, a transfer zone has
formed in which the transform fault ‘A’ develops.

6. The transform fault ‘B’ developed in the area of the
Boosaaso—Karin Transfer Zone.

7. Between the Las Khore Fault and the fault system
east of Ras Sharmah, a transfer zone formed in which
transform fault ‘C’ later developed.

To summarize, from the data resulting from the
restoration of the pre-rift tectonics of the eastern
continental margins of the Gulf of Aden (Figures
B3.15, B3.16) we propose that the Oligocene basins
represent centres of persistent crustal extension control-

ling the positioning of the centres of oceanic spreading,
in agreement with the findings of Cochran and Martinez
(1988) for the northern Red Sea.

In all the examples of transfer zones reconstructed by
restoring the position of the two continental margins, no
transcurrent structures or structures cross-cutting the
major west-north-west—east-south-east-oriented fault
system were found on shore. As already observed in
the East African rift and in other continental rifts
characterized by transfer zones, transcurrent faults are
very rarely found in the transfer zones. Even in the most
advanced continental rifts, transcurrent faults separat-
ing half-graben systems with opposite dip have not been
recorded (Bosworth, 1985; Faulds et al., 1990; Davison
et al., 1994). It seems that the transfer of displacement
took place along normal faults, generally obliquely
oriented with respect to the rift direction and frequently
displaying a curved trace (splay or relay fault system),
analogous to those described in the eastern sector of the
Boosaaso Basin (Figure B3.12).

CONCLUSIONS

According to Cochran (1981, 1982), the magnetic
anomaly sequence extends back to 10 Ma east of long.
44°E and the sea-floor spreading began almost simulta-
neously along the entire length of the trough. Thus, on
the basis of marine geological data, the whole Gulf of
Aden shows a unitary evolution. Based on new field data
from north-eastern Somalia and south-eastern Yemen
together with previous oceanic data it is possible to
reconstruct the pre-rift geometry of this portion of the
Afro-Arabian continent and its evolution during Ter-
tiary rifting and breakup (Figure B3.17).

1. During Late Eocene-Early Oligocene a north-east—
south-west extension stress field affected the Afro-
Arabian platform. In agreement with Cochran
(1982), this direction of extension was related to a
east-north-east displacement of the Indian and Ara-
bian plates.

2. During the early Oligocene (Rupelian), the Afro-
Arabian platform underwent an important phase of
continental rifting which led to the formation of small
west-north-west-east-south-east-oriented basins sep-
arated by transfer zones and structural highs.

3. In these syn-rift basins, progressive crustal extension
brought about the formation of oceanic spreading
centres which correspond to the pre-existing syn-rift
basins.

4. The progressive separation of the Somalia and
Yemen continental margins led to the formation of
an oceanic basin.
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Figure B3.17  Structural evolution of the Gulf of Aden from Early Oligocene to Present.
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Chapter B4

Structure, sedimentation, and basin dynamics
during rifting of the Gulf of Suez and north-
western Red Sea

W. Bosworth, P. Crevello, R. D. Winn Jr. and J. Steinmetz

ABSTRACT

The Gulf of Suez formed as the northern segment of the
late Oligocene—early Miocene Red Sea rift. Rare occur-
rences of basaltic dikes that cut and flows that are
interstratified with the oldest syn-rift strata, a basal red
bed sequence (Abu Zenima—Nakheil formations), sug-
gest that rifting had initiated prior to ~25 Ma. The
oldest palacontologically datable strata are of Aquitan-
ian age (Nukhul Fm.), and are older than ~21 Ma.
Nearby basal strata in north-west Saudi Arabia are
Chattian age (~27 Ma). Apatitie fission-track data
suggest that the earliest phase of Gulf of Suez and
northern Red Sea rifting may have begun ~34 Ma, but
there is no dated sedimentary record of this. The areal
distribution of the basal syn-rift units was largely
controlled by the geometry and timing of movement of
the early rift-fault system, which was strongly influenced
by pre-existing structures in the Pan-African basement
complex. In the early Burdigalian, the Gulf of Suez and
northern Red Sea entered a period of rapid subsidence
and increase in marine water depths, resulting in the
widespread deposition of Globigerina marls (Rudeis and
Kareem formations) in axial areas. Fault density
decreased during the Burdigalian to Langhian, and
most extension was accommodated by movement on a
few large, basin- or block-bounding faults. By the
Serravalian, connection between the Gulf of Suez and
Mediterranean basins became restricted and sedimenta-
tion rapidly changed to laterally continuous evaporites
(Belayim and South Gharib Formations). In the late
Tortonian, renewed influx of normal marine water
occurred from the southern Red Sea, and deposition
switched to mixed evaporite-marginal marine settings

(Zeit Fm.). The Zeit sediments differentially loaded the
underlying South Gharib massive salt, driving diapirism
and intra-sediment slump faulting that were generally
focused along Middle Miocene fault trends. Basinal
sedimentation patterns during the Messinian, Pliocene
and Quaternary were largely controlled by the geometry
of the evolving salt ridges. Subsidence became increas-
ingly focused along the axis of the rift during this time.

Analysis of fault geometries, fault kinematics and
sedimentation patterns indicates that the early Nukhul
phase of rifting occurred during north-east-south-west-
erly directed extension. The existence of pre-existing
north-north-east-trending basement structures, how-
ever, caused local development of N10-20°E transfer
faults, and local rhombic basin geometries that other
workers have interpreted as pull-apart basins. As rifting
progressed, the N10-20°E faults were abandoned and
younger transfer faults became predominantly rift-nor-
mal. In the Middle Miocene, the relative movement
between Africa and Sinai shifted to the Gulf of Aqaba
transform boundary, and extension rates across the Gulf
of Suez decreased dramatically. During the late Pleisto-
cene, the regional stress field changed to a NI15°E
extension direction and a new system of faults began to
evolve.

The early phase of pre-Nukhul and Nukhul extension
in the Gulf of Suez was accompanied by relatively minor
basin subsidence. Between 19 and 16 Ma, within the
Rudeis Fm., subsidence rates increased several fold.
This increase in subsidence, and accompanying sedi-
mentation rate, followed quickly after the onset of
significant rift shoulder uplift, which according to
apatite fission-track analysis occurred at ~23-21 Ma.
Many workers have therefore inferred that Gulf of Suez
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rifting began gradually, and culminated in the Rudeis.
Our observations suggest, however, that the early
Nukhul faulting and stratal rotation reflect significant
regional extension during the Aquitanian. The extension
was distributed across broad regions and accommodat-
ed by movement on many, closely spaced faults.
Eventually, distinct master faults evolved and footwall
uplift to the larger structures became a principal factor
controlling erosion and regional sedimentation patterns.
Initially, subsidence rates were relatively low, perhaps
reflecting the inherent strength of the pre-rift litho-
sphere. The onset of rapid subsidence eventually oc-
curred a few million years later, and most of the basin
was flooded with deep marine waters. The Gulf of Suez
is therefore best modelled with a non-instantaneous
relationship between extension and subsidence.

INTRODUCTION

The early histories of continental rifts are often poorly
known, partly because interpretation of the early history
is greatly complicated by syn-rift and post-rift evolution
of the basin. An equally confounding situation is that
the syn-rift fill of most rifts is of continental origin, and
its palacontological dating is imprecise. The presence of
volcanic rocks can greatly help in this respect, but many
rifts formed without significant volcanism. The precise
relationships between such parameters as horizontal
extension, vertical subsidence, and rift-shoulder uplift
are therefore often difficult to constrain.

The Gulf of Suez and Red Sea (Figure B4.1) is a rift
that initiated in a continental plate interior situated at,
or near, sea level (Garfunkel and Bartov, 1977; Sellwood
and Netherwood, 1984; Steckler, 1985; Coleman and
McGuire, 1988). As a result, marine waters reached
most of the sub-basins within this rift very early in their
development, depositing a stratigraphic sequence accu-
rately datable with microfossils.

We have studied excellent exposures of the early syn-
rift fill of the southern Gulf of Suez and northern Egyptian
Red Sea, and have integrated our results with the
abundant subsurface data that exist in the Gulf. In this
chapter we present our interpretation of the syn-rift
sediment response to crustal extension, and propose a new
model for the kinematics of the early rift. We also suggest
that standard models of instantaneous basin subsidence
do not satisfy the observed geologic relationships.

REGIONAL SETTING
Age of rift initiation

Stratigraphy of the syn-rift fill of the offshore north-
western Red Sea and southern Gulf of Suez are very

Figure B4.1  Tectonic setting for the Gulf of Suez and northern Red
Sea rift basin. Dash pattern is crystalline basement. Stipple pattern is
the area of a rift accommodation zone. GAZ-AZ = Galala-Abu
Zenima Accommodation Zone; M-AZ = Morgan Accommodation
Zone; B-AZ = Brothers Accommodation Zone.

similar, and the two basins are therefore generally
interpreted to have originated as a single, sedimento-
logically connected rift system (Tewfik and Ayyad, 1984;
Miller and Barakat, 1988). The oldest syn-rift strata
exposed along the Egyptian Red Sea coast, the central
and southern Suez coasts, and drilled in the Gulf of Suez
subsurface are unfossiliferous, but are intruded by
basaltic dikes or overlain by flows that have been
K-Ar dated between 20 and 25 Ma (Steen, 1984;
Roussel, 1986; Bosworth, 1995). The onset of rifting
for this entire region is therefore constrained to have
been no later than about 25 Ma.

Reworked Chattian age foraminifera in the basal
Nukhul Fm. of a well drilled at Hurghada (Figure B4.1;
El Shinnawi, 1975) prove that late Oligocene marine
strata were deposited in the area of the southern Gulf. It
is not known, however, whether these marine strata
were deposited in a fault-bounded rift basin, or a proto-



rift sag. Along the northern Saudi Arabian Red Sea
margin at Midyan (Figure B4.1), benthic foraminifera of
Chattian age (planktonic zone N2 of Blow, 1969) have
been found in carbonate beds of the early syn-rift
Musayr Fm. (Dullo ef al., 1983; Bayer et al., 1988; Abou
Out and Gheith, this volume). In a pre-rift configura-
tion, the Midyan region restores to a position essentially
adjacent to Hurghada. The stratigraphic limits to
initiation of rifting in the northernmost Red Sea can
therefore reasonably be set at a minimum age of 27 Ma
(approximately the end of the N2 zone), and certainly
somewhat earlier due to the presence of the undated
underlying red beds at Midyan (Sharik Fm.) and
elsewhere.

Apatite fission-track studies suggest that a phase of
basement unroofing began in the rift shoulder of the
southern Red Sea of Egypt and in a small area of the
north-western Gulf of Suez at ~34 Ma (Steckler and
Omar, 1994; Omar and Steckler, 1995). Omar and
Steckler interpret this as part of a regionally synchro-
nous, Red Sea rift system pulse of extension. No
definitive stratigraphic or structural evidence presently
exists to ascertain the relationship between this rift event
and the main phase of extension that began several
million years later.

Main rift events

The main period of horizontal extension in the Gulf of
Suez lasted from the late Oligocene-Aquitanian into the
Middle Miocene, to about 14 Ma (Garfunkel and
Bartov, 1977; Angelier, 1985; Steckler, 1985). Two
phases of deformation can often be differentiated:
(1) early normal and strike-slip faulting that was
strongly influenced by pre-existing basement structures
such as west-north-west-trending Pan-African shear
zones (‘Duwi’ trend; Montenat et al., 1986a; Jarrige
et al., 1990; Sultan et al., 1992; Montenat et al., this
volume) and north-north-east-striking steep faults
(‘Aqaba’ trend; Jarrige et al., 1990; McClay et al., this
volume; Montenat et al., this volume); (2) later normal
faulting that was principally parallel to the rift-axis
(‘Clysmic’ trend; Hume, 1921; Robson, 1971). These
early phases of the rift history were marked by rapid
rotation of strata and significant growth of the syn-rift
section into active faults. Subsidence rates reached their
maximum between 19 and 16 Ma (Steckler, 1985;
Evans, 1988; Steckler et al., 1988). In the early Serrav-
allian (~14 Ma), the connection between the Gulf of
Suez and Mediterranean basins became severely restrict-
ed, causing the Gulf of Suez and northern Red Sea to
shift from predominantly open and marginal marine
conditions to an evaporitic, silled-basin setting (Hassan
and El-Dashlouti, 1970; Robson, 1971; Orszag-Sperber
et al., this volume). Tortonian deposition in the Red Sea
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and southern and central Gulf consisted largely of halite
along basin axes, and gypsum along the margins. The
subsequent loading and flowage of the salt produced
extensive salt walls and rimming synclinal troughs. Most
of the salt walls more closely reflect the geometry of
underlying Middle Miocene age faults, rather than that
of the main Early Miocene fault systems (Bosworth,
1995). Localization of salt flowage may either have been
triggered by late movement on the Middle Miocene
faults, or by instabilities induced where salt deposition
covered fault scarps (palacotopography) in the basin
floor.

The age of the end to evaporite deposition is not
precisely known due to the sparsity of datable micro-
fossils in these units. Sedimentation and subsidence rates
are therefore speculative. It appears, however, that
renewed subsidence occurred in the late Miocene to
Pliocene (Steckler, 1985; Evans, 1988; Steckler et al.,
198R). Regionally, only very small amounts of post-early
Serravallian rotation of strata can be observed, suggest-
ing that the rate of horizontal extension was low
(Bosworth, 1995). Based on subsidence modelling,
Steckler et al. (1988, Table 1) interpreted the late
Burdigalian (Rudeis), early Serravallian (Kareem) and
late Serravallian (Belayim) opening rates at the vicinity
of Hurghada (Sinai triple junction) to be approximately
0.48, 0.18 and 0.05 cm/yr, respectively. The early
Serravallian drop in the rate of Gulf of Suez extension
corresponds in time to the final shift of the Sinai-Africa
plate boundary to the Gulf of Agaba transform system,
leaving Suez as an essentially aborted rift (Steckler and
ten Brink, 1986; Steckler et al., 1988). The synchroneity
of the restriction of the Suez-Mediterranean seaway
with the onset of the main phase of Aqaba faulting
suggests that these two events are geodynamically
related.

Microearthquakes and some teleseismic events con-
tinue to occur along a few major normal faults in the
southern Gulf, indicating that horizontal extensional
stresses are still present in this region (Daggett er al.,
1986; Jackson et al., 1988). Localized uplift of Pleisto-
cene coral terraces similarly reflects continued deforma-
tion in the vicinity of the Agaba transform—Red Sea rift
plate boundary intersection (Andres and Radtke, 1988;
Bosworth and Taviani, 1996). The present-day extension
direction in the southern Gulf of Suez is north-north-
east-south-south-west, approximately parallel to the
ship-direction of the Aqaba transform (Bosworth and
Taviani, 1996).

Rift geometry

The Gulf of Suez and Egyptian northern Red Sea rift
consists of large-scale half-graben that alternate in
polarity along the basin axis (Figure B4.1; Moustafa,
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1976; Bosworth, 1985, 1995; Moretti and Colleta, 1987;
Coffield and Schamel, 1989; Jarrige et al., 1990).
Accommodation zones (AZ) that link the half-graben
are located at Wadi Araba in the northern Gulf (Galala-
Abu Zenima AZ), the north end of Gebel el Zeit in the
central Gulf (Morgan AZ), and near Quseir on the Red
Sea coast (Brothers AZ) (Figure B4.1). The accommo-
dation zones contain complex arrays of nested and
conjugate normal faults linked by ramp-relays (distrib-
uted deformation or ‘soft’ transfer) and local cross-
faults (localized deformation or ‘hard’ transfer). In
exposures of the Morgan AZ on the western side of the
Gulf of Suez, pre-existing north-north-east-striking
basement fault were locally reactivated as transfer faults
(Moustafa and Fouda, 1988). None of the accommo-
dation zones, however, are defined by individual cross-
faults that run from rift shoulder to shoulder.

Cross-structures smaller than accommodation zones
segment the rift at a variety of scales, producing
apparent or real offsets in rift-trend normal faults.
Based on outcrop and subsurface data, transfer faults
have been mapped with lengths of a few tens of metres
to kilometres, and follow predominantly east—west,
north-cast-south-west, and north-north-east-south-
south-west orientations (see also Montenat ez al., this
volume). In the southern Gulf of Suez, the transfer
fault-rift-trend fault pattern generally produces right-
stepping, gently north-west-plunging fault-block geo-
metries.

Rift shoulder uplift is very pronounced in the
southern Gulf of Suez and northern Red Sea, with
present-day elevations commonly between 600 and
1000 m in the Eastern Desert and Sinai (Figure B4.1),
and individual basement peaks locally exceeding 2 km.
Geologic and apatite fission-track data show that pre-
rift (pre-late Oligocene) uplift was minimal, and prob-
ably less than the magnitude of eustatic seal-level fall
during the Chattian (Garfunkel and Bartov, 1977; Kohn
and Eyal, 1981; Steckler, 1985; Garfunkel, 1988; Omar
et al., 1989). Erosion of the pre-rift sedimentary section
was correspondingly small. The general absence of early
Oligocene strata can be accounted for solely by eustatic
effects. Exhumation of the rift shoulder at ~34 Ma as
suggested by fission-track data can be interpreted as
evidence that a rift escarpment began to form at that
time (Omar and Steckler, 1995). However, rapid uplift
and development of large elevation differences between
rift shoulder and rift axis did not commence until
sometime after about 22 Ma, when faulting and basin
subsidence were well underway (Omar et al., 1989).

Figure B4.2  Generalized stratigraphy and microfossil zonations of
the southern Gulf of Suez. Modified from Evans (1988), Richardson
and Arthur (1988) and Bosworth (1995).

Stratigraphy

Pre-rift

The pre-rift section in the southern Gulf of Suez consists
of a lower sandstone, overlain by interbedded shale,
sandstone, and limestone (Figure B4.2). The lower
sandstone is generally referred to as the ‘Nubia’ (e.g.
Sellwood and Netherwood, 1984; Evans and Moxon,
1988). The base of the Nubia, in places, consists of
several tens of metres of interbedded red siltstone and
sandstone that is undated, but may correlate in part with
lithologically similar Paleozoic to Triassic strata in Sinai
(Perry, 1986; Van Houten et al., 1984; Allam, 1988). The
upper Nubia consists of several hundred metres of
quartzose, dominantly cross-bedded, non-marine sand-
stone that is referred to the Naqus (Allam, 1988) and/or
Malha formations (e.g. Kerdany and Cherif, 1990). The



Malha is overlain by a widespread shallow marine
sequence of Cenomanian to Focene age, consisting of
the Raha, Wata, Matulla, Brown Lime, Sudr, Esna, and
Thebes formations (Said, 1962).

Along the northern Egyptian Red Sea coast, the pre-
rift stratigraphy is very similar to that of the southern
Gulf of Suez. The basal Nubia Sandstone is undated and
generally about 200 m thick (Said, 1990b). The Cen-
omanian to Santonian formations of the Gulf of Suez
are absent, but are partly represented by the poorly
fossiliferous Quseir Variegated Shales (Youssef, 1957).
The late Senonian to Eocene stratigraphies are nearly
identical between the two areas, but with different
formational names (Said, 1990b; Kerdany and Cherif,
1990).

Syn-rift

The syn-tectonic, dominantly clastic, Early to Middle
Miocene sediments of the southern Gulf of Suez are
divided in the subsurface into the Nukhul, Rudeis and
Kareem Formations (Figure B4.2; Ghorab er al., 1964;
Nat. Strat. Sub-Comm., 1974). These terms have also
been applied to offshore Red Sea wells (Tewfik and
Ayyad, 1984; Miller and Barakat, 1988). Other workers
have proposed a similar stratigraphy for exposures
along the rift margin and at fault-blocks such as Gebel el
Zeit (Ghorab and Marzouk, 1967; Purser et al., 1990;
Darwish and El-Azabi, 1993).

The Nukhul consists of a heterolithic assemblage of
sandstone, conglomerate, carbonate, shale and evapo-
rite. Four members have been defined based on well
penetrations at the Shoab Ali field (Saoudi and Khalil,
1986). The basal unit, the Shoab Ali Member, consists
of sandstone with intercalated red shale and occasional
coaly carbonaceous material. The unit is unfossiliferous,
but based on lithology and stratigraphic position is
probably correlative with the Aquitanian age Abu
Zenima Fm. of the northern Gulf (Sellwood and
Netherwood, 1984). Similar units along the Red Sea
coast from Safaga to south of Quseir (Figure B4.1) are
informally called ‘red beds’, or have been placed within
the Ranga Fm. (Gindy, 1963; Issawi et al., 1971). These
continental deposits are the basal part of the Group A of
Montenat et al. (1986a; also Plaziat ef al., this volume).
At Gebel Duwi near Quseir, basal syn-rift conglomerate,
sandstone, and lacustrine sediments are referred to the
Nakheil Fm. (Akkad and Dardir, 1966). The Shoab Ali
member is overlain by the laterally interfingering Ghara
anhydrite member and carbonate and sandstone of the
Gharamul and October Members containing benthonic
foraminifera of Early Miocene age (Saoudi and Khalil,
1986). Throughout the Gulf of Suez rift basin, the
datable part of the Nukhul Fm. predominantly belongs
to Blow’s (1969) early Aquitanian N4 foraminifera zone,
although a few authors continue the unit into the very
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earliest Burdigalian (Scott and Govean, 1985; Richard-
son and Arthur, 1988).

The Rudeis Fm. (Figure B4.2) is predominantly
Globigerina marl that is cyclically interbedded with
fine-grained, deep-water limestone. Its age extends {rom
the late Aquitanian to the Burdigalian, but its base is
probably time-transgressive (Richardson and Arthur,
1988, and references therein). Short-lived, basin-scale
relative sea-level changes resulted in the deposition of
thin, laterally continuous, marine evaporites and more
areally restricted thin, turbidite sandstones at approxi-
mately the Burdigalian-Langhian boundary. Marl
deposition generally resumed in most sub-basins
through the Langhian. The thin evaporites and sand
markers, or, where absent, the occurrence of Langhian
faunas in marls, are commonly picked as the base of the
Kareem Fm. (Figure B4.2). The basal Kareem evapo-
rites and sandstones were not generally deposited along
the rift-margins or on the crests of fault blocks, which
comprise most of the presently outcropping areas. The
Rudeis-Kareem boundary cannot therefore be recog-
nized in the field (see further discussion in Purser et al.,
this volume).

In the early Serravallian, at about 14 Ma, deposition
in the southern Gulf of Suez and northern Red Sea
shifted to predominantly anhydrite and salt of the
Belayim Fm. (Figure B4.2; Hassan and El Dashlouti,
1970). The base of the Belayim is. often an angular
unconformity, with Belayim evaporite resting directly
on Rudeis marl or older formations. The uppermost
part of the Belayim Fm. is a regionally extensive, normal
marine shale referred to the Hammam Faraun Member.
It is commonly the only datable part of the post-Kareem
Miocene stratigraphic section. The ‘latest Serravallian
age (N14) of the Hammam Faraun, and the general lack
of erosion at its top, show that' the overlying South
Gharib salt deposition probably began in the Tortonian.

Post-rift
In the southern Gulf of Suez and offshore northern Red
Sea, the South Gharib Fm. consists predominantly of
massive halite, with minor stringers of anhydrite (Figure
B4.2). Whether the South Gharib is truly a syn- or post-
rift deposit is somewhat arbitrary, because without
palaeontologic age control it is impossible to accurately
estimate extension rates during deposition of the salts. A
significant number of faults cut the underlying Belayim
Fm. (discussed below; also Bosworth, 1995, Figure 10),
and hence we consider the Belayim part of the syn-rift
succession. It is difficult, however, to determine how
many of these faults were active in the Tortonian, due to
the flowing nature of the salt and the lack of correlatable
marker beds.

The South Gharib Fm. is overlain by interbedded
evaporite, shale, sandstone and carbonate of late
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Miocene (Zeit Fm.) to probably Pliocene age (Figure
B4.2). These in turn are capped by extensive gravels and
lesser Ostrea—Pecten coquinas and marls which are only
broadly Pliocene to Pleistocene in age (Hume et al.,
1920; M. Taviani, personal communication). Post-
Miocene units are best exposed along the Red Sea
coast, where they are referred to the Gabir, Shagra and
Tubia formations (Akkad and Dardir, 1966; Khedr,
1984; Said, 1990b).

FAULT BLOCK EVOLUTION
AND STRATIGRAPHIC DEVELOPMENT

Most basins and fault systems in the southern Gulf of
Suez and northern Egyptian Red Sea margin experi-
enced generally similar, or at least systematically coher-
ent, structural and stratigraphic histories. No single
locality, in outcrop or subsurface, however, completely
illustrates the details of the rift’s evolution. To accom-
plish this, we describe the geological relationships at key
areas, moving chronologically through the Early to
Middle Miocene development of the basin.

Rift initiation (Aquitanian): south Gebel el Zeit

Gebel el Zeit is a large, intra-rift fault block that exposes
granitic basement, an excellent section (~650 m) of pre-
rift strata, and a thin (~150 m), crestal section of
Nukhul to lowermost South Gharib syn-rift rocks (Plate
8; Perry, 1986; Montenat et al., 1986a and this volume;
Evans, 1988; Allam, 1988; Bosworth, 1995 and refer-
ences therein). The north-east slopes of the gebel are a
slightly eroded fault-line scarp, separating the basement
block from the offshore East Zeit basin. The south-west
flank of the gebel dips into the Gemsa basin, which
attains a maximum stratigraphic thickness of approxi-
mately 7 km.

Gebel el Zeit is separated by a saddle (Sarg el Zeit)
into the main northern range and a smaller complex to
the south referred to as South (Ganoub) or Little Gebel
el Zeit (Plate 8). Earliest syn-rift deformation is best
observed at South Zeit. The large-scale structure of
South Zeit is produced by the main fault at the coast,
and a second large, rift-trend normal fault that exposes
basement and pre-Miocene strata in its footwall (Plate
8). The hanging-wall of this second fault contains a
large, north-west-plunging syncline exposing South
Gharib, Belayim and Kareem Formation evaporite
and marl. The basement-Nubia Sandstone contact and
bedding planes within the pre-Miocene on the footwall
dip on the average 45° SW.

The pre-Miocene series at South Zeit is overlain
unconformably by Nukhul conglomerate, sandstone

and carbonate. The thickness of the Nukhul is extremely
irregular, frequently attaining a maximum adjacent to
some of the early, syn-depositional cross-faults (Figure
B4.3). The unconformity at the base of the Nukhul dips
30-35° south-west.

Samples from the uppermost Nukhul carbonate beds
at North Zeit (plate 8) contain the large benthic
foraminifera genus Miogypsinoides, indicating N4 Zone
of Blow (1969) and therefore an early Aquitanian age
(~21-25 Ma) (Bosworth, 1995). The base of the Rudeis
marl locally contains Globigerina ciperoensis, which is
only as young as the early part of N5 (~20-21 Ma;
latest Aquitanian). In other sections, the basal Rudeis is
as young as N7-N8 (~16-17 Ma; late Burdigalian), with
abundant reworked older faunas (A. Sadek, personal
communication; also Montenat et al., this volume). The
top of the Nukhul in outcrop is therefore locally
unconformable, with up to ~4 Ma of section missing,
but eclsewhere appears to be sedimentologically and
faunally transitional into the overlying Rudeis Glob-
igerina marls. In general, the Nukhul and Rudeis strata
in wells to the south-west of Gebel el Zeit (Gemsa basin;
Figure B4.4) are conformable in dipmeter records.

The pre-Miocene and Nukhul strata at South Zeit are
cut by numerous, small, rift-parallel normal faults and
cross-faults, most of which are healed by overlying
Rudeis marls (Plate 8). Over much of South Zeit, and
similarly at North Zeit (Bosworth, 1995, Figure 6), the
upper Rudeis-Kareem marls and base of the Belayim
Fm. are unfaulted. The intense internal deformation of
the South Zeit block was therefore restricted to the early
phase of the rift history (pre-deposition of exposed
Rudeis marls). This argument is supported by the strong
control that faults played in localizing Nukhul sediment
accumulations and determining facies distribution (Fig-
ure B4.3), whereas most of the overlying Rudeis is
composed of laterally continuous marl beds. Clearly,
deformation at Gebel el Zeit continued after this early
phase, as all the younger stratigraphic units are rotated
and/or uplifted (Evans and Moxon, 1988; Bosworth,
1995). At South Zeit, the large normal fault that cuts
down the axis of the gebel offsets strata as young as
basal South Gharib Fm. (Plate 8). The block-bounding
fault along the coast and the cross-faults that terminate
the southern ends of both North and South Zeit also
experienced up to kilometres of movement after the
deposition of the Belayim Fm. (Bosworth, 1995, Figure
15). However, the spacing between normal faults in the
pre-Miocene and Nukhul exposure is generally several
tens to a few hundred metres, while active fauits by
upper Rudeis to Belayim time were generally separated
by kilometres (Plate 8).
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Figure B4.3  Facies and thickness variations within the Nukhul Fm. at South Gebel el Zeit. Stratigraphy was strongly influenced by movement on
cross-faults, which commonly display changes in sense of throw through time (double arrows).
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Figure B4.4  Surface projections of major faults in the southern Gulf of Suez. Based on seismic, well and outcrop data. Location of regional cross-
section (Figure B4.5) and Esh el Mellaha-Gemsa basin seismic profile (Figure B4.6) are given. The main pre-rift and syn-rift sedimentary outcrops
are shown by stipple pattern. Large carbonate complex at Abu Shaar el Qibli is shown by block pattern. Dash pattern is crystalline basement (after
Bosworth, 1995).
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Figure B4.5  Regional cross-section from the Red Sea Hills to Sinai. Location is given in Figures B4.1 and B4.4 (after Bosworth, 1995).

Main phase rift subsidence (Burdigalian): southern Gulf
of Suez subsurface

The main phase of syn-rift sedimentation and structur-
ing, which occurred during the Burdigalian deposition
of Rudeis marls, is not well-exposed in outcrop, and
generally requires a more synoptic view to appreciate its
overall style. This is best accomplished by considering
subsurface data from an area of close well control, such
as the area south of Gebel el Zeit (Figure B4.4). The
cross-section in Figure B4.5 extends from rift shoulder-
to-shoulder, running through Ras el Bahar, Zeit Bay,
Ashrafi, and Shoab Ali fields.

The regional cross-section across the southern Gulf
can be divided into three principal Burdigalian age
structural provinces: 1. an abandoned, partially exposed
basin adjacent to the Red Sea Hills (Esh el Mellaha
basin; Figure B4.6), 2. the main, active fault trends of
the central (axial) rift, and 3. the eastern flexural or
ramp margin at Sinai. Uplifted rift-shoulder basins
similar to the Esh el Mellaha basin are also found along
the northern Egyptian Red Sea coast, such as at Gebel
Duwi, and have been referred to as ‘relict basins’
(Bosworth, 1994a). These basins contain thick sections
of the basal red beds and/or Aquitanian age strata
(Nukhul Fm.), but no or very thin younger syn-rift
units. The central rift includes all the hydrocarbon-
producing fault blocks of the basin, which are at least
partially sourced by the thick Rudeis Globigerina marls.
The flexural margin begins at Shoab Ali (Figure B4.5),
and is a region of progressively decreasing syn-rift
stratal rotation as the exposed basement complex of
Sinai is approached.

The structural geometry of the central rift and eastern
flexural margin has been discussed in detail elsewhere
(Perry and Schamel, 1990; Bosworth, 1995). The prin-
cipal attribute of Burdigalian, main phase rifting and
subsidence is the tremendous growth that is focused at a
few, regionally continuous normal fault systems such as

the Ashrafi-Shadwan and Ranim-Tawila trends (Figure
B4.4; Bosworth, 1995). Distributed fault deformation
was much less significant in the Burdigalian rift than it
had been in the Aquitanian rift. Many of the large
normal faults active during the Burdigalian have been
reached by the drill bit. The fault planes are generally
gently listric in profile, and dip as shallow as 23° north-
cast (Bosworth, 1995).

End main phase rifting (Serravalian): Gebel Naqara

Gebel Nagara forms the high basement range west and
south-west of Safaga (Figures B4.1, B4.7). The outcrops
along the lower slopes of Gebel Nagara provide an
excellent example of the structural and stratigraphic
attributes of Middle Miocene carbonate—terrigenous
clastic facies distribution developed on rotated fault
blocks adjacent to the uplifted border fault complex of
the north-western Red Sea rift. Previous work in the
area is limited essentially to a large mapping project
conducted by GENEBASS (e.g. Montenat et al., 1986a;
Thiriet et al., 1986).

The general structural geometry of the rift shoulder
between Safaga and Quseir is controlled by large, down-
to-the-east normal faults, striking between north-south
and north-west-south-east. At Gebel Naqara, the block-
bounding fault consists of two to three parallel seg-
ments, producing steps in the basin border geometry
(Figure B4.7(b)). Each of the normal faults at Nagara is
segmented along-strike by cross-faults, striking up to
20° north or south of east-west. Several of these
structures are well-exposed. Where this is the case, they
consist of a discrete fault, rather than a zone of broadly
distributed deformation. We did not observe any
evidence for significant strike-slip movement on the
cross-faults. Some of the cross-faults and rift-parallel
step-faults are healed by Middle Miocene carbonates
(age dating discussed below), demonstrating that move-
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Figure B4.6  Gebel Nagqara field study area. General geological map of Safaga region, with location of measured sections. After Montenat et al.
(1986a).
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Figure B4.7 (a) Méasured stratigraphic sections. Symbols as in Figure B4.3.

ment occurred during Early Miocene rifting (Figure
B4.8). In general, we interpret the cross-faults to have
formed synchronously with normal faulting, acting as
relays between normal faults, analogous to the transfer
faults observed at Gebel el Zeit. The extensive healing of
faults by the Middle Miocene strata, which is also
present at Gebel el Zeit and in the subsurface fault
trends (Figure B4.5), indicates that the rift underwent a
second decrease in structural complexity, similar to that
observed at the end of the Aquitanian.

The sedimentary succession at Naqara consists of
nearly 100 m of mixed terrigenous siliciclastics and
reefal platform dolomites unconformably overlying
Nubia Sandstone and metavolcanic basement (Figure
B4.7(a)). Very poorly exposed, patchy remains of Late
Cretaceous pre-rift formations are also present, as just
north of Wadi Naqara. The basal siliciclastic deposi-
tional sequence is transitional and conformable with the
overlying mixed siliciclastic—carbonate sequence. The
reefal platforms form plateaux at + 300 m. The carbon-
ate plateaux are a sporadic but locally spectacular
feature of the Red Sea margin from Abu Ghusun to the

Esh el Mellaha basin north of Hurghada (Figure B4.1).
Similar plateaux are present along the north-eastern Red
Sea margin in Saudi Arabia.

The biostratigraphic age for the reef complex of Gebel
Nagara was determined by dating two samples from
neptunian fissures in the seaward margin of the gebel
adjacent to a transfer fault slope canyon (locality GN-6
in Figure B4.7(b)). The fissures are overlain by the reef
complex. Age-diagnostic planktonic foraminifera species
Orbulina universa, O. suturalis,/ Pracorbulina sp. indicate
that the fissure-fill sediments and at least the basal reef
carbonates are Serravallian, and thus correlate to either
the Kareem or Belayim Formations. We have also
determined planktonic foraminifera-based Serravallian—
Langhian ages for the Gubal Island subsurface carbon-
ate platform (Steinmetz and Crevello, unpublished
data). James et al. (1988, p. 557) reported that the
carbonate platform at Abu Shaar (Figure B4.4) is
‘probably latest early Miocene, based on calcareous
nannoplankton,” which makes the platform correlative
with upper Rudeis Fm. Globigerina marls. However, the
calcareous nannoplankton to which James er al. were
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Figure B4.7 (b) Detailed geological map of Gebel Nagara. GN-6 is the sample locality that contained Serravallian foraminifera.
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Figure B4.7 (¢) Middle Miocene palaeogeographic reconstruction of Naqara reef complex.
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Figure B4.8  Field sketch of Middle Miocene reef complex healing a rift-parallel step fault at north Gebel Naqgara. Location is labelled ‘W. Assala

section’ in Figure B4.7(c).

referring were actually recovered from basinal carbon-
ates in well bores in the Zeit Bay area (Cofer et al., 1984).
Our data, which consist of direct determinations of
fossils recovered from two of the platform carbonate
complexes, suggest that carbonate platforms developed
more or less synchronously throughout the Gulf-north-
western Red Sea during the Middle Miocene, following a
prolonged period of detrital clastic sedimentation of the
Rudeis Fm. As evidenced by Gebel el Zeit, an earlier
period of platform development occurred in the Aqui-
tanian during late Nukhul deposition (Evans and Mo-
xon, 1988; Bosworth, 1995; Purser et al., this volume).
Serravallian sea levels are generally believed to have
been somewhat higher than at present, but not by as much
as 300 m (Hagq et al., 1987). The present elevation of the
Nagara carbonate platform (and the similar £200 m
platform at Abu Shaar) is therefore at least partially the
result of later uplift along the margin of the Red Sea basin.
The lithofacies and stratigraphy of the depositional
sequences above the Nubia are variable. The siliciclas-
tics are interpreted as aqueous deposits of alluvial fan-
braided streams and flood plain environments. Poorly
sorted, pebbly and clayey sandstones are interpreted to
be deposits of high-flow capacity alluvial channels and
flood plains. The continental siliciclastic strata were
deposited on the landward, western margins of rotated
fault blocks. The siliciclastics pass upward into Miocene
mixed carbonate-terrigeneous marine—fan delta strata.
Figure B4.7(c) shows a Middle Miocene palaeogeo-
graphic reconstruction of the Naqara area, and Figure
B4.9 is a schematic block diagram of our depositional
model for the structurally controlled Nagara reef
platform. The Middle Miocene reef geometry directly

reflected the underlying pattern of intersecting rift-
parallel and rift-normal faults.

CONCLUSIONS
Early to Middle Miocene basin dynamics

Well control for the central rift and north-eastern
flexural margin is quite good in the southern Gulf of
Suez (Figure B4.5). Age dating of the Esh el Mellaha
basin fill is less certain. However, a well drilled in the
northern part of the basin penetrated ~600 m of post-
to syn-rift section prior to reaching the pre-rift strata
(Plate 8c). Seismic data quality in the Esh el Mellaha
basin is excellent, and the well can readily be tied to
outcrop and other parts of the basin. The basal ~150 m
of the syn-rift is Early Miocene marine strata (Nukhul-
Rudeis Formations). The shallower section is undiffer-
entiated Miocene, with the exception of the top 30 m
which were unfossiliferous and possibly post-Miocene.
This well confirmed that in the Early Miocene, the entire
rift basin (Esh el Mellaha basin, central rift, and flexural
margin), with the exception of the crests of some fault
blocks, was reached by marine waters.

Following the Early Miocene, the area of active
sediment accumulation narrowed through time, culmi-
nating with post-Zeit deposition focused in the Shoab
Ali basin. Figure B4.10 shows sediment thicknesses from
the regional southern Gulf of Suez cross-section broken
out into four time intervals: 1. late Oligocene to early
Middle Miocene (Nukhul, Rudeis, and Kareem Forma-
tions), 2. late Middle to early Late Miocene (Belayim
and South Gharib Formations), 3. latest Miocene (Zeit
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Figure B4.9 Block diagram of reconstructed Serravallian palacoenvironments in the Naqara reef complex. Active cross-faults controlled the
location of submarine channels, which eroded into basement. The cross-faults were then lined by growth of stromatolites (see Figure B4.7 (c)).

Fm.), and 4. post-Miocene (Pliocene to Recent forma-
tions). The narrowing of the rift through time is not
restricted to the south, but also occurred in the central
Gulf of Suez half-graben (Moretti and Colleta, 1987).

The precise timing of abandonment of the Esh el
Mellaha basin is not known (see discussions in Perry
and Schamel, 1990, and Bosworth, 1995). Middle to
Late Miocene evaporites have not been found thus far in
the basin. During the post-Miocene the basin was
predominantly non-marine and did not experience any
significant subsidence (Plate 8c). Our Serravallian age
interpretation for at least the upper part of the Abu
Shaar carbonate platform, and their basinal equivalents,
locates these strata at roughly the boundary between
Figures B4.10(d) and (e). No younger carbonate build-
ups are known from outcrop along the Esh el Mellaha
range. The Serravallian may have been the time of the
last significant marine presence in the Esh el Mellaha
basin. Post-Serravallian deformation of Esh el Mellaha
was minimal, as Abu Shaar strata are rotated no more
than about 2° to the south-west (Cross et al., this
volume).

Our structural and sedimentologic observations indi-
cate that the early Nukhul period of rifting at Gebel el
Zeit was one of active faulting, turbidite deposition, and
significant differential uplift between the Gemsa basin
and the eroding basement crest of the Zeit fault block.
Many authors have argued that the early Gulf of Suez
displayed only very limited structural relief (e.g. Gar-
funkel and Bartov, 1977), and low-relief, shallow marine
interpretations have been suggested for the lower
Nukhul Fm. at Gebel el Zeit (e.g. Evans, 1988).
Outcrops of early syn-rift strata in Sinai near the central
Gulf of Suez eastern border fault complex suggest that
the central rift margin was not significantly eroded in the
Aquitanian (Sellwood and Netherwood, 1984; McClay
et al., this volume). It is probable that not all segments
of the rift experienced precisely the same structural,
topographic and sedimentologic early rift histories.
However, our Gebel el Zeit observations are from an
intra-rift fault block, distant from the rift shoulder. It is
possible that the early rift, although without great
escarpments along its margins, displayed significant
intra-rift topography. Our observations from the Nu-
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Figure B4.10  Spatial and temporal evolution of sub-basins in Figure B4.5, southern Gulf of Suez. Black shading represents sediment that
accurnulated during each indicated time interval. NRK = Nukhul-Rudeis—Kareem formations; BEL-SG = Belayim~South Gharib formations.
Stipple pattern = alluvial fan and reef talus along the Esh el Mellaha fault; see zone of poor seismic data in Figure B4.6 (after Bosworth, 1995).



khul at Gebel el Zeit would suggest that the early rift
floor was broken into a large number of fault-block
defined depocentres.

We have calculated rotation rates for each formation
at Gebel el Zeit (Figure B4.11). Although theoretically
there is not a simple, linear relationship between
rotation rate and horizontal extension, the fastest period
of structuring does appear to have taken place prior to
and during deposition of the Nukhul (~27-21 Ma), with
about 15° total rotation, or 2.5° of rotation per million
years. Assuming an age of ~24 Ma for the base of the
Nukhul as exposed at Gebel el Zeit, this factors into 10°
of pre-Nukhul rotation (3.3°/Ma) and 5° of syn-Nukhul
rotation (1.7°/Ma) (Figure B4.11). During Rudeis time,
this slowed to 1.4°/Ma, and, within the limitations of the
outcrop data, remained subdued and relatively constant
until sometime during the post-Miocene when a signi-
ficant increase in the rate of rotation again occurred.
For comparison, the cumulative rotation of strata at
Gebel el Zeit and that encountered in nearby wells,
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normalized such that 100% equals the present pre-rift
stratal dip (or total rotation) at each locality, are plotted
against time in Figure B4.12. In many subsurface fault
blocks, rapid rotation started in Nukhul time and
continued at about the same rate through deposition
of the Rudeis, Kareem, and Belayim Formations. By the
end of the Middle Miocene (~10 Ma), block rotation
ceased in blocks such as Sarg el Zeit and Tawila (Figure
B4.12). During the Late Miocene to Recent, rotation
was restricted to progressively fewer areas, such as
Gebel el Zeit (see further discussion in Bosworth and
Taviani, 1996).

The Gulf of Suez basin has been particularly amena-
ble to subsidence modelling due to the relatively good
age control provided by marine microfossils. Studies
from Wadi Gharandal in Sinai (Evans, 1988), the central
Gulf (Steckler, 1985; Evans, 1988), southern Gulf
(Steckler et al., 1988) and Gemsa basin (Evans, 1988)
all confirm that the major phase of basin subsidence
commenced 20-19 Ma with the onset of Rudeis Fm.

Figure B4.11  Rotation rates for Gebel el Zeit, and subsidence rates for the southern Gulf of Suez. Rotation rates for units younger than the
Hammam Faraun Shale (dashed) are only approximate estimates due to lack of age control. Tectonic subsidence rates are calculated from data in
Steckler et al. (Table 1, 1988) and are averaged across the entire Gulf of Suez basin. The ages of stratigraphic boundaries used by Steckler ef al. are
slightly different than those we have followed, which are taken from the extensive compilation by Richardson and Arthur (1988). We have adjusted
the Steckler ef al. data to match our time boundaries. Lithologic symbols are the same as those in Figure B4.2.
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marl deposition, and continued until the Middle Mio-
cene (~16 Ma). Using data from an analysis of a
regional cross-section by Steckler et al. (1988), we have
calculated average rates of tectonic subsidence for each
of the units in Figure B4.12. It is apparent that the
period of maximum subsidence lagged behind rapid
Nukhul age fauiting and rotation by several million
years.

Further insight into Gulf of Suez rift dynamics can be
gained by analysis of the timing and magnitude of rift
shoulder uplift (Steckler, 1985). Analysis of apatite
fission-track ages and track-length measurements has
shown that the main unloading of the basement complex
in the rift shoulder of the western Gulf did not begin until
~23-21 Ma (Omar ef al., 1989). Omar et al. interpreted
these results as indicating that uplift accompanied, or
slightly preceded, the onset of rapid extension and
concomitant tectonic subsidence marked by the deposi-
tion of early Rudeis marls. The apatite data also
confirmed the absence of significant regional unroofing
prior to the onset of rifting (Garfunkel and Bartov, 1977).

Additional fission-track data from the Red Sea hills of
southern Egypt, a small area of the west margin of the
central Gulf of Suez, and south-western Saudi Arabia
indicate a regional period of exhumation starting at
~34 Ma (Steckler and Omar, 1994; Omar and Steckler,
1995). This suggests that the Oligocene South Turkana
(Kenya)-Southern Sudan rift system (Morley et al., 1992;
Hendrie et al., 1994; Bosworth, 1994b) may have reached

Figure B4.12  Plot of cumulative dip versus time, normalized to
100%, for Gebel el Zeit outcrop and well data (dipmeter) from
adjacent basins of the southern Gulf of Suez. Solid line follows outcrop
trend with rapid initial sructuring (pre-Nukhul, ~27-24 Ma), main
phase of deformation with moderate rotation rates (Nukhul to
Belayim, 24-10 Ma), Late Miocene post-rift (10-4 Ma), followed by
late, renewed rotation (~4-0 Ma). Dashed line is history of some large
subsurface fault blocks that were abandoned by the end-Middle
Miocene, heralding the onset of post-rift subsidence. Other subsurface
blocks display intermediate histories. Scatter in data at ~20 Ma
reflects uncertainties in palacontologic age-dating; scatter in data at
younger times is an indication of real differences in rotation histories.

to the area of the Miocene Red Sea basin. However,
unlike in East Africa, no structural or stratigraphic
record for this period of rifting has yet been identified in
Egypt. It is possible that although rifting propagated
essentially instantaneously throughout the Red Sea
region at ~34 Ma as proposed by Omar and Steckler
(1995), the amount of extension was too small to leave a
readily recognizable rift basin signature. We therefore
assume that the main phase of extension and block
rotation commenced at ~27 Ma, when the first strati-
graphic section was preserved (see discussion above).

Our field data from Gebel el Zeit suggest that the
connection between extension, subsidence, and uplift is
more complex than envisioned in the standard McKen-
zie (1978) model of lithospheric extension. About one-
third of the total block rotation at Gebel el Zeit
occurred between the start of the main phase of rifting
(~27 Ma) and about 21 Ma. Well data from across the
rift confirm that rate of rotation during deposition of the
Nukhul and, by inference, rate of extension, were at
least as great as that during Rudeis deposition, when the
rate of subsidence was nearly an order of magnitude
greater (Figure B4.11; Steckler er al., 1988). Nukhul
facies observed in outcrop, together with fault relation-
ships, demonstrate that the early southern Gulf of Suez
was a tectonically active, marine setting, with significant
topographic relief within the basin itself, although
probably lacking large, rift margin escarpments.
Marked rift shoulder uplift followed the onset of rifting
by a few million years, and was accompanied by
abandonment of peripheral basins such as Esh el
Mellaha. This in turn was followed by a dramatic
increase in the rate of sediment accumulation along the
active, central basins (Figure B4.11).

The structural and topographic profiles of several
active and failed rift basins have recently been success-
fully modelled by assigning a finite strength to the
continental lithosphere during the time of rifting
(Weissel and Karner, 1989; Kusznir and Egan, 1990;
Ebinger et al., 1991). If the proto-Gulf of Suez rift
lithosphere possessed significant strength, then horizon-
tal extension (cause) and subsidence (vertical response)
should never have been instantaneously in equilibrium.
The question is whether or not this disequilibrium could
produce a time delay of sufficient duration to be
geologically resolvable. Our data suggest that the delay
is, in fact, measurable. If our interpretation of the early
extensional history of the Gulf of Suez is representative
of rift basins in general, then future refinements in
mechanical rift models must also incorporate a non-
instantaneous relationship between extension and initial
subsidence.



Relationship between reef platform development and
rift fault system evolution

Three periods of extensive shallow-water carbonate
deposition can be recognized throughout much of the
northern Red Sea and southern Gulf of Suez: 1. Aqui-
tanian reefs and platform facies of the Nukhul Fm., 2.
Serravallian reefs and platform facies of the late
Kareem—Belayim Formations (and their age equivalents
along the rift shoulder), and 3. uplifted coral terraces
and living coral reefs of the Pleistocene to Recent.
Formation of these reef platform complexes was un-
doubtedly dependent upon the coincidence of several
key factors, including climate, absolute sea level (con-
nectivity to Mediterranean Sea—Indian Ocean) and rates
of sea-level change. However, there is also an apparent
relationship between the timing of platform develop-
ment and the evolution of fault systems within the rift
basin.

As discussed above, outcrop relationships at Gebel el
Zeit (Plate 8) and along the Egyptian Red Sea margin in
the Gebel Nagara—Gebel Mohamed Rabah region
(Figure B4.6; also unpublished mapping, 1:20 000 scale,
Red Sea Phosphate Company), Gebel Ambagi-Gebel
Duwi region near Quseir (Figure B4.1; Greene, 1984),
and Ras Honkorab near Abu Ghusun (Figure B4.1;
Montenat et al., 1986b) indicate that the early rift
(Chattian—Aquitanian) was structurally and stratigraph-
ically complex, and marked by distributed faulting on a
variety of scales. Sedimentation at this time was
predominantly clastic facies (generally marine in the
Gulf of Suez), with local evaporite deposition (e.g.
Ghara member). In the upper Nukhul Fm., deposition
shifted to carbonates. At approximately the same time,
many small- and intermediate-scale faults were aban-
doned, and the next phase of deposition was marked by
laterally continuous marl beds of the Rudeis Fm. (early
Burdigalian). The overall nature of the Nukhul-Rudeis
contact is variable, ranging from essentially continuous
deposition to a small angular discordance of up to ~5°.
Jarrige et al. (1990) interpreted the early rift stress field
to have been a strike-slip regime, with the maximum
horizontal stress parallel to the rift-axis (see also
Montenat et al., this volume). They suggested that this
changed to an extensional regime, with the minimum
horizontal stress generally perpendicular to the rift, in
the Burdigalian.

The characteristics of the Kareem—Belayim transition
in many respects resemble those of the upper Nukhul-
Rudeis. Lithofacies within the Kareem are generally
much more variable than those of the upper Rudeis.
Although still predominantly Globigerina marls, the
upper Kareem also contains abundant immature sand-
stone and conglomerate that was deposited in submarine
channel and fan settings. These are generally located on
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the downthrown sides of faults, and are interpreted here
to indicate a brief period of intensified structuring at
about 16-14 Ma. This structural activity in the Kareem
rift may have initiated at the ‘mid-Clysmic event’
(Garfunkel and Bartov, 1977). Despite the evidence for
faulting and erosion of fault-block crests, the Kareem
was a period of relatively slow subsidence, similar to the
Nukhul (Steckler et @l., 1988). This structural pulse was
followed by the formation of the carbonate platforms at
Gebel Nagara, Gubal Island and probably Abu Shaar,
where the sedimentary overlapping of many faults can
be observed in outcrop or inferred from subsurface data.
The Serravallian i1s also a time of one of the most
important stress field changes in the Gulf of Suez region,
with the onset of the main phase of movement along the
Gulf of Agaba transform plate boundary (Steckler et al.,
1988). Steckler et al. also inferred that the regional stress
field shifted from north-north-east extension to east-
north-east extension in the Middle Miocene.

An increase in subsidence rates is generally recog-
nized in Gulf of Suez data for the Late Miocene (South
Gharib and Zeit Formations) (Steckler, 1985; Evans,
1988; Steckler et al., 1988). The tectonic significance of
this increase is not well understood, although Steckler
et al. have suggested that it may reflect minor adjust-
ments in the partitioning of Red Sea extension between
the newly formed Aqaba transform boundary and the
failing Gulf of Suez rift. The nature of tectonism in the
Pliocene is even less well-constrained, because very few
published palaeontologic dates exist for this part of the
post-rift fill. It is possible that Pliocene and Late
Miocene subsidence and tectonic environments were
similar. In the Pleistocene, a dramatic change in stress
field occurred, shifting back from east-north-east or
north-east extension to north-north-east extension, with
activation of a new orientation of normal faults (Bos-
worth and Taviani, 1996). Again, this period of struc-
tural reorganization was followed by the development of
extensive fringing carbonate reefs and broad reef plat-
forms.

Based on these structural and stratigraphic observa-
tions and interpretations, we suggest that the main Gulf
of Suez—Red Sea shallow marine carbonate complexes
formed during the end of active tectonic phases, when
fault blocks were undergoing minimum local move-
ments. The upper Nukhul (Aquitanian) and Belayim
(Serravallian) carbonate events also occurred at times in
the rift history when the size of fault blocks was
increasing, due to the abandonment and healing of
faults (Plate 8, Figure B4.8; Jarrige er al, 1990;
Bosworth, 1995). This provided a more stable environ-
ment with respect to sea level, and enabled carbonate
facies to develop into broad platforms.
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Chapter B5

Rift development in the Gulf of Suez and the
north-western Red Sea: structural aspects and
related sedimentary processes

C. Montenat, P. Ott d’Estevou, J.-J. Jarrige and J.-P. Richert

ABSTRACT

Field studies including extensive geological mapping
carried out in the Gulf of Suez—north-western Red Sea
provide original data concerning the geometry, kine-
matics and sedimentation of the rift, as follows:

e Structural trends inherited from the Precambrian—
Palacozoic basement determine four main groups of
faults N140-N160 (Clysmic), NO0-N20 (Aqaba),
N100-N120 (Duwi) and N40-N60 (cross-faults).

o The association of these different trends during rifting
gives a ‘zigzag’® structural pattern resulting in a
complex geometry of fault blocks.

e The rift suffered a polyphased structural evolution,
including an initial phase of wrenching, followed by
different episodes of extensional tectonics. The ar-
rangement of fault blocks is closely related to the
initial episode of strike-slip faulting (number and size
of blocks, direction of dip, etc.).

e Sedimentation is directly influenced by the structural
evolution, enabling the definition of tectonic—sedi-
mentary sequences which express both the structural
and sedimentological originalities of rift evolution.

These features are compared with those of other rift
systems in order to evaluate the possible broader scale
importance of the proposed structural evolution.

INTRODUCTION

This contribution summarizes and modifies slightly the
results from field surveys performed by the ‘Genebass’
research group in the Gulf of Suez and the north-

western Red Sea (Figure B5.1b). The work focuses on
the structural aspects of Miocene rift development near
its margin, insofar as they influence sedimentary pro-
cesses. The features and events which characterize the
tectonic evolution of the rift are reviewed with respect to
sedimentation and basin dynamics. Neogene stratigra-
phy does not utilize the classical lithostratigraphic
nomenclature based mainly on subsurface well data,
because sometimes it is difficult to correlate the subsur-
face formations with outcropping series (see discussion
in Plaziat et al., this volume and Figure B5.4). Therefore
a simple, more informal terminology, based on tectono-
sedimentary units was introduced by the ‘Genebass’
research team. It includes four groups referred to as
Groups A to D, easily recognizable in the field,
separated by regional angular unconformities (Monte-
nat et al., 1986 and Figure B3.3). The correlation
between these groups and the classical formations are
discussed elsewhere in this volume (Plaziat et al.), and
summarized in Figure B5.4. In conclusion, comparison
with other rift systems in the world are made in order to
point out the more basin aspects of rift evolution.

GENERAL SETTING

The Gulf of Suez and Red Sea rift was initiated between
the African and Arabian shields near the end of the
Oligocene. It is a part of a complex and diversified
Neogene geotectonic system which includes (Figure
B5.1a):

1. the Taurus and Zagros orogenic belts to the north
and the north-east;

Sedimentation and Tectonics of Rift Basins: Red Sea—Gulf of Aden. Edited by B.H. Purser and D.W.J. Bosence. Published in 1998 by Chapman &

Hall, London. ISBN 0412 73490 7.
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Figure B5.1  (a) General setting of the Gulf of Suez and Red Sea. 1. Cenozoic volcanics; 2. basement/sedimentary cover boundary; 3. thrust front; 4.
fold axis; 5. oceanic spreading zone; 6. relative movement of the Arabian shield. AS — Syrian folded arc; E.A.R. — East Africa rifts; NJ — Nad] fault
system. (b) Surveyed areas, including geological mapping (hatching), by the GENEBASS group (maps published in Montenat (ed), 1986. (c) Fault
pattern of the Gulf of Suez and the north-western Red Sea. (d) Major fault trends and main stages of structuration: (1) initial stage of strike-slip
faulting; (2) extensional faulting.

2. the Levant or Agaba wrench fault and the Syrian arc Red Sea rifting succeeded the formation of the folded
folds, directly connected with the rift to the north; Syrian arc in the late Cretaceous to Eocene (Bartov et al.,
3. the oceanic spreading zone of the Gulf of Aden to the 1980; Chorowicz and Lyberis, 1987).
south-east; The lithostratigraphy of the rift includes three main

4. the Ethiopian rift to the south. units (Figure BS.2).
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Figure B5.2  Pre-rift sedimentary cover and syn-rift deposits in the Safaga area (after Thiriet et al., 1986).
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1. The basement series which outcrops both along the
marginal relief (shoulders) of the rift and within a
number of large fault blocks along the margins (i.e. Abu
Durba, Gharamul, Mellaha, Ras Honkorab, Ras Benas,
etc.). They include various crystalline, metamorphic,
volcanic and sedimentary rocks related to several
Precambrian orogenic cycles and lower to middle
Palacozoic magmatic events (dikes and batholiths; cf.
Burollet er al., 1982). The Pan-African tectono-mag-
matic event (about 500 Ma) played an important part in
the structuring of this polyphased basement. The
Cenozoic rift evolved partly by reactivation of the
various categories of deformation within the basement.

2. The pre-rift sedimentary cover rests unconform-
ably on the basement (Figure B5.2). The sequence
begins with a continental terrigenous series, including
the Cretaceous Nubian sandstones and older units
(lower Palaeozoic to Jurassic in the northern part of
the Gulf). These sandstones are overlain by shaley and
carbonate marine deposits of late Cretaceous to middle
Eocene or locally late Eocene ages on the Sinai edge
(Said, 1962; Garfunkel and Bartov, 1977). The Creta-
ceous transgression advanced southward and an open
marine sedimentation thus existed earlier in the north,
with Cenomanian in the Gharamul area of the Gulf of
Suez, or with Campanian at Safaga and Quseir in the
northern Red Sea. These peri-continental deposits
display notable variations in thickness, facies and
synsedimentary deformations related to tectonic move-
ments which occurred during late Cretaceous and
Eocene (see example at Gharamul, south of Ras Gharib
in Ott d’Estevou et al., 1986a). Tectonic and palaeo-
geographic features are oriented basically east-west to
north-east-south-west and related to Tethyan influence.
They do not relate to the later rift configuration and
cannot be used to support the existence of a Mesozoic
‘proto-rift’, as proposed by Sellwood and Netherwood
(1984).

The thickness of the pre-rift cover varies from about
2000 m in the north of the Gulf (Sinai margin) to 400—
800 m in the south (Safaga and Quseir). To the south of
Quseir, the absence of pre-rift sedimentary cover, on
both Egyptian and Arabian margins, results from
erosional processes which probably occurred during
Palaeogene times (see below).

3. The syn-rift and post-rift deposits (late Oligocene
to Plio-Quaternary age) display similar characteristics in
the Gulf and the Red Sea margins, at least as far south
as Sudan (Montenat et al., 1990). They are characterized
by spectacular variations in facies and thickness, and are

Figure B5.3  Schematic representation of the successive sedimentary
and structural events recorded on the Gulf of Suez and north-western
Red Sea margins (after Montenat et al., 1986).

affected by syndepositional tectonics. Strata are sepa-
rated by regional unconformities which occur in all
studied areas (Figure B5.1b) and may be correlated from
site to site. The discordances delimit four major tecton-
ic-sedimentary units, termed Groups A to D (Montenat
et al., 1986a) (Figure B5.3). These outcropping units
have offshore, axial equivalents, corresponding to
thicker and more uniform deposits (Figure B5.4; see
discussion concerning the correlation of these units in
Plaziat et al., this volume). Correlations with the series
observed on the Saudi Arabian margin have been
proposed (Purser and Hotzl, 1988; see also Montenat
et al., this volume for group A deposits).

»
>

Figure B5.4 Chrono-diagram of tectonic, sedimentary and magmatic events which characterize the Gulf of Suez and north-western Red Sea
evolution (hatching;: stratigraphic gap on the western margin). For details and discussion concerning stratigraphic correlations, see Plaziat et al., this

volume.
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Groups A to C (late Oligocene to late Miocene) are syn-
rift deposits, while the situation of Group D sediments
(Pliocene) requires more comment. In the Red Sea, the
Pliocene deposits are contemporaneous to the begin-
ning of oceanic spreading, so that they can be referred to
as post-rift deposits. On the contrary, during the same
Pliocene interval, the Gulf of Suez remains in a more or
less active rift situation, generating syn-rift deposits.

Group A deposits include two sub-units: (1) a lower
Red series (A, late Oligocene to Aquitanian), including
red terrigenous sediments and rare basaltic dikes and
flows (Wadi Nukhul and Abu Zenima on the Sinai edge;
south of Quseir; Marsa Shinab on the Sudanese mar-
gin); available K-Ar radiometric ages range between 26
and 22 Ma; (2) an upper series (A,, late Aquitanian to
early Burdigalian) including evaporites and related
anoxic sediments (Abu Ghusun and Safaga areas) or
open marine carbonates and clastics (Nukhul Forma-
tion in the Abu Rudeis area on the Sinai edge).
Biostratigraphic and sedimentary data concerning the
deposits related to the A group are discussed in Plaziat
et al. and Montenat et al. elsewhere in this volume.
Group A deposits are weakly unconformable to con-
formable with the pre-rift sedimentary cover. To the
south of Quseir, they lie directly on the basement.

Group B are open marine deposits unconformably
overlying Group A strata or the basement. They are late
Burdigalian to Langhian (and possibly Serravallian) in
age. Biostratigraphic data are reviewed in Plaziat et al.
(this volume). They display various facies related to
distinct but spatially related environments (reef platform
and talus, basinal planktonic muds, clastic fans and
channels), as a result of the structural morphologies
inherited from the substratum.

Group C (Serravallian to late Miocene) unconform-
ably overlies the older groups or the basement. This
represents the major evaporitic event which occurred
during rift development. The deposits are thin at
outcrop (some hundred metres) and consist mainly of
sulphates, locally associated with stromatolitic carbon-
ates. The thickness increases significantly toward the
central part of the basin where halite was deposited
(Richardson and Arthur, 1988) (Figure B5.19).

Group D (Pliocene-Pleistocene) sediments overlie the
underlying evaporitic deposits, unconformably or con-
formably, depending on the structural position. Impor-
tant continental siliciclastic sedimentation (sands,
conglomerates) reflects reactivation and uplift of the
peripheral basement. Open marine carbonates including
calcarenites, reefs and peri-reefal sediments, were depos-
ited in areas protected from detrital sediments. In many
places, Group D sediments were affected by halokinesis.

STRUCTURAL FRAMEWORK

The general north-west—south-east trend of the Gulf of
Suez and Red Sea rift, in fact, comprises a complex
structural pattern which directly influences depositional
processes (transit of clastics, nature and geometry of
sedimentary bodies).

The inherited structural pattern

Four major tectonic trends comprise the structural
framework of the rift (Figure B5.1c, d) (Jarrige et al.,
1986).

1. North-west-south-east (N140°-160°) faults, the so-
called ‘Clysmic’ trend of Hume (1921), are parallel to
the axis of the basin. They commonly occur on the
margins where they often border large fault blocks.

2. North-north-east-south-south-west (N10°-20°) ‘Agaba’
trend, parallel to the Levant or Aqaba or wrench
fault, is well developed in the Gulf of Suez and in the
southern extension of the Gulf of Agaba (Safaga
area, Thiriet et al., 1986). Along the Red Sea margins
this trend is not well developed, except locally (for
example, on the Sudanese margin; Montenat et al.,
1990).

3. The sub east-west (N90°-120°) or ‘Duwi’ trend
(Jarrige et al., 1986b) comprises large corridors of
faults which occur locally along the rift margins
(Quseir or Ras Banas area, on the western margin;
Nadj fault system on the Arabian shield; Delfour,
1979) (Figure B5.1b).

4. The ‘cross’ trend (N40°-60°), perpendicular to the rift
axis, occurs only in the Gulf of Suez when it plays a
minor role in the rift structure (with the notable
exception of the Gharamul area, near Ras Gharib;
Ott d’Estevou et al., 1986a) (Figure B5.8).

The four fault trends are clearly inherited from
polyphased basement structures (Jarrige et al., 1986a).
The Cenozoic rifting rejuvenated various mechanical
weaknesses of the basement indicated by intrusions of
dikes or elongated batholiths, metamorphic foliation,
brittle fractures, large Precambrian shear zones, etc.
(various examples of such inherited structures are given
in Montenat, 1986).

The zigzag fault pattern

The different fault trends are linked to compose the rift
fault-block pattern. Clysmic, Agaba and Duwi trends
are predominant whereas the cross trend is recessive. In
a given area, the Clysmic faults are generally present and
associated with another major, Agaba or Duwi faults,
resulting in the formation of a ‘zigzag’ fault pattern
(Garfunkel and Bartov, 1977; Jarrige et al, 1986a)



which controls the Cenozoic structure. Such an arrange-
ment is observed at various scales, for example, as a part
of the margin (decakilometric scale), as a fault block
(kilometric scale) or, sometimes, at outcrop (metric
scale) (Figures B5.5 to B5.9).

This characteristic pattern of the rift margin is
illustrated by the following examples:

e the Abu Durba-Abu Rudeis area, on the Sinai
margin, where Clysmic and Agaba faults predomi-
nate (Ott d’Estevou et al., 1986b); (Figure B5.5);

e the Abu Ghusun—-Ras Honkorab area (South Egypt
Red Sea margin) where Clysmic and Duwi faults
predominate (Montenat, 1986b); (Figure B5.6);

e The Safaga area, at the Gulf of Suez-Red Sea
transition, display a complicated mosaic of fault
blocks and a large variety of shapes and block size
(Thiriet et al., 1986; (Figure B5.7).

Figure B5.5  Tectonic sketch map of the Sinai edge (Abu Durba—-Abu
Rudeis area, Gulf of Suez eastern margin), showing a typical ‘zigzag’
fault pattern formed by prevailing Aqaba and Clysmic faults, which
generate a complex mozaic of blocks. 1. and 2. major and minor faults
with downthrown side, 3. bedding with dip, which delineates anticline
and syncline structures, 4. horizontal dip, 5. tilt of major and minor
blocks (large or small arrow), 6. horst, 7. graben, 8. basement, 9. limit
of recent depression, 10. morphostructural units: CT, central trough;
IB and EB, internal and external benchs; S, shoulders (after Jarrige
et al., 1990, slightly simplified). For location see Figure B5.1b.
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Detailed studies demonstrate that large tilt-blocks,
initially bounded by major Clysmic faults, are cut by
other secondary faults. These later faults define second-
ary blocks within the first-order Clysmic block, as
illustrated by the Gebel Zeit block at the southern end of
the Gulf of Suez (Prat et al., 1986; Figure B5.9).

Importance of the inherited structural trends

Considering this complex pattern and the movements
recorded by the various fault trends during the Miocene,
the structure cannot be the result of a simple extension
inducing the creation of neoformed faults. Thus, the
Gulf of Suez and Red Sea rift is not a purely neoformed
Cenozoic structure but a recombination and reactiva-
tion of pre-existing discontinuities during the Tertiary.
The size, geometry and complexity of the blocks depend
directly on the nature and density of the discontinuities
susceptible to rejuvenation. For example, in the Abu

Figure BS5.6  Structural sketch map of the Red Sea margin in the Abu
Ghusun area (see location on Figure B5.1(b). The fault pattern is
formed by predominant Clysmic and Duwi faults which draw a
harpoon-shaped limit of the western shoulder and delimit rhombic
blocks. Note the dispersal of Aqaba faults which display relatively
small segments. The group C evaporites (lower boundary is represent-
ed) coat and seal the fault pattern. Slight reactivations of faults are
indicated by morphological lineaments (for example Ras Honkorab)
(after Montenat et al., 1986b, modified).
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Figure BS.7  Fault-block pattern of the Red Sea margin in the Safaga
area (see location on Figure B5.1(b)). Note the difference between the
general westward dipping of the external blocks, inherited from the
tilted block stage and the basinward dipping of evaporites (Group C)
and post-evaporitic series (Group D), related to the flexure stage (after
Thiriet ef al., 1986).

Ghusun-Ras Honkorab area, the foliated metamorphic
basement favoured the creation of numerous small tilt-
blocks (Ras Honkorab), while the adjacent intrusive
diorite gave rise to large and massive fault blocks (Abu
Ghusun; Montenat, 1986b).

The specific character of the fault-block pattern
observed in the Gharamul area (Figure B5.8), where
the cross-trending faults are markedly developed, is
determined by the presence of the Dara granitic bath-
olith (500 Ma) intruded along the cross-direction (Ott
d’Estevou ef al., 1986a). On the Sudanese margin, north
of Port Sudan, the predominance of faults oriented
north-south coincides with the presence of large north—
south trending granitic plutons in the basement (Mon-
tenat et al., 1990).

The comparison with other rift systems (East African
Gregory rift, South Atlantic African margin, Rhine
graben, etc.) leads to a similar conclusion: the reactiva-
tion of numerous inherited structures and, correspond-
ingly, the constitution of a zigzag fault pattern, may be a
general rule in rift evolution. Oblique or transverse
faults are often of a special importance (Reyre, 1984) as
they divide the rift into segments which record quite
different tectonic and sedimentary histories (see below).

TECTONIC EVOLUTION
Polyphase rifting

As previously stated, the different Cenozoic sedimentary
units referred to as Groups A to D are separated from
each other by regional unconformities (Figure B5.3).
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Figure B5.9  Schematic block-diagram of the Gebel Zeit stripped of its Miocene series (see location on Figure B5.1(b)). Firstly, the Zeit was a large
tilt-block dipping south-westward, coupled with the Mellaha block to the South (see Figure B5.10). It was split subsequently into a mosaic of minor
blocks bounded by Aqaba, Duwi and Clysmic faults, during the horst and graben stage. Note the formation of cross-trending graben (Ras el Ush)

usable for the transit of clastics basinward (after Prat ez al., 1986).

Many examples of faults successively sealed during the
sedimentation of the different units are known from field
or subsurface observations. Such features clearly indi-
cate successive stages of structural evolution. Moreover,
superimposed deformations have been recorded within
the Oligo-Miocene series. Two sets of movements have
been observed on some fault planes, or one set of faults
cutting another (Figure B5.10). Such occurrences evi-
denced in the different studied areas, are coherent, and
involve two main tectonic phases in the rift evolution
(Jarrige et al., 1986b, 1990).

The first phase, contemporaneous with deposition of
unit A, is typically exposed in the Wadi Sharm el Qibli
(south of Quseir) by fracturing a 24.9 Ma basalt flow
and surrounding red sediments (top Oligocene). This
section shows: (1) sinistral movement of the north—south
to N30 trending Aqaba fault; (2) dextral movement of
the N105 to N130 trending Duwi fault; (3) normal
movement of the north-west-south-east clysmic faults.
Some strike-slip fault planes have recorded superim-
posed normal movements related to the second phase
(Jarrige et al., 1986a).

o

The second phase, from unit A, (lower evaporites)
and Group B onwards, is characterized by normal
faulting without any evidence of strike-slip movement.
The extensional tectonics begin with the creation of tilt-
blocks, followed by the formation of a horst and graben
tectonic pattern during this latter stage of extensional
tectonics. Clysmic faults have large downthrows (several
hundreds to a thousand metres) and other fault trends
also recorded normal movements, giving rise to a
complex breaking up of larger fault blocks (Figure
B5.9).

Successive stages of palaeostress

The compilation and processing of a great number of
microstructural measurements, in various areas of the
Gulf of Suez (Abu Rudeis-Abu Durba on the Sinai
edge; Gharamul, Gebels Zeit and Mellaha on the
western margin; Figure B5.10) and the north-western
Red Sea (Safaga, Quseir and Abu Ghusun zones) have
enabled us (Ott d’Estevou ef al., 1989b) to determine the
mean principal palaeostress axes (¢l, ¢2 and ¢3 are

<«

Figure B5.8  Structural sketch map of the Gharamul-Dara area (Gulf of Suez; location on Figure B5.1(b)). The recessive cross-trending faults
(about N45°) are clearly expressed in this area (Dara block) during the rifting and are still exposed. Note the relation between the network of
Miocene channels used for the submarine transit of Group B clastics and the drainage of Quaternary and modern wadis. The flexures affect Group C
evaporites, directly above buried Clysmic faults (after Ott d’Estevou et al., 1986a). Due to the scale of the sketch map these flexures are represented in

a simplified manner as straight lines.
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Figure B5.10  Geological sketch map of Gebel Zeit and Mellaha
(location on Figure B5.1(b)). The sites of microstructural analysis give
examples of successive stages of deformation: initial stage of wrench
faulting and subsequent stages of extensional faulting (after Ott
d’Estevou et al., 1989).

respectively referred to as maximum, intermediate and
minimum compressional stresses).

The first stage of deformation which displays specific
strike-slip movement, is related to a stress system
characterized by north-west—south-east compression
and north-east—south-west extension (respectively ol
and ¢3 in the horizontal plane). Fold structures (en
echelon folds) with steeply dipping axes are induced by
wrenching. These are located along or at the tips of
Agaba strike-slip faults (or more seldom associated with
Duwi faults). Such features are well exposed in the Abu
Rudeis-Abu Durba area (Ott d’Estevou ef al., 1989b).
These faults are sealed by Group B deposits (Oft
d’Estevou et al., 1986b; Jarrige et al., 1990). Thus, the
initial stage of rifting is characterized by a compres-
sional strike-slip regime, lacking evidence of transten-
sional regime. The wrench tectonics which occurred
during the lower half (A;) of Group A are probably
diachronous, being older (Oligocene) in the Red Sea and
younger (Aquitanian—early Burdigalian) in the Gulf of
Suez (see discussion in Montenat et al., 1988 and in
Montenat et al., elsewhere in this volume). On the other
hand, it appears that wrench tectonics were more

accentuated to the north (Gulf of Suez) than in the
south (Red Sea).

The second stage began during the upper half of
Group A (A,) and is clearly evidenced within Group B
deposits. It is characterized by palaeostress tensors with
vertical maximum stress. A true extensional regime (o1
vertical, o3 oriented north-east-south-west) controlled
the formation of tilt-blocks, predominantly bounded by
north-west-south-east Clysmic faults (A, and beginning
of Group B; late Aquitanian and Burdigalian, for
example, Abu Ghusun, Safaga; see discussion of struc-
tural data in Ott d’Estevou et al., 1989b).

The axes of minimum stress (03), related to the
direction of extension, vary from N 20 to N 85, with a
maximum between N 50-N 60, perpendicular to the rift
axis. Such variations are related to the influence of major
faults on the regional stress field (deviation of palaeo-
stress tensors); the hypothesis of a varying direction of
extension during rift development (Gautier and Angel-
ier, 1986; Chorowicz and Lyberis, 1987; Giannerini et al.,
1988) is not supported by chronological data.

A multidirectional extension has progressively re-
placed the previous tectonic regime from the upper part
of Group B (Langhian—Serravallian) and still prevails
within Group D Plio-Pleistocene series. Nevertheless,
from the Group C interval onwards, faulting is drasti-
cally reduced and replaced by a general flexure of the
margin toward the basin axis (for example, the Safaga
area, Thiriet ef al., 1986, and Figure B5.19). The flexure
is more marked in the north-western Red Sea than in the
Gulf of Suez.

Comparisons with other rift developments

The polyphased rifting of the Gulf of Suez and Red Sea
basin, with gradual change from compressional to
extensional tectonics, may be compared with other rift
evolutions. For example, the East African rift, located
close to the Red Sea and initiated approximately at the
same time, recorded early Oligocene—early Miocene
strike-slip tectonics: north-east—south-west compression
(61 horizontal) associated with north-west—south-east
extension (63) (Chorowicz et al., 1979, 1987). Subse-
quently, a true extensional regime developed (o1 vertical
and north-west—south-east direction of extension); later
kinematic evolution of both rifts reveals relevant anal-
ogies (Jarrige et al., 1990).

The late Eocene—Oligocene North European rift
recorded a similar evolution. At the beginning of the
late Eocene, the Rhine graben was initiated in a
compressional strike-slip regime (submeridian horizon-
tal ¢1) which induced a slight east-west extension (o3
horizontal). This extension became progressively strong-
er, resulting in the graben opening at the beginning of
the Oligocene (Villemin et al., 1984).



The Ales basin (France), a southern segment of the
West European rift, provides a precise chain of events
which characterize the rift evolution, detailed by Fredet
(1987). The region suffered a strong compressional
deformation, with predominant folding (sub north-
south direction of compression) by the end of Lutetian
to early Bartonian times (Pyrenean—Provencal phase).
This evolved into a compressional strike-slip tectonic
(horizontal north-north-east-south-south-west com-
pression and induced west-north-west-east-south-east
extension) during the middle part of the Bartonian. By
the end of the late Eocene, a west-north-west—east-
south-east to north-west-south-east trending extension
predominated, giving birth to the Ales graben, which
was filled with Oligocene deposits.

The above examples are related to a common tectonic
scenario, although the regional context may differ as
follows.

o the early compressional stage changes to compres-
sional strike-slip deformation associated with a slight
perpendicular extension (¢ 1 and ¢ 3 horizontal);

o the direction of extension, previously minor, becomes
dominant in the extensional regime;

e the final stage may involve multidirectional exten-
sion.

The successive tectonic stages occur as a continuum
of deformation. This results mainly from a simple
permutation of ¢1 and ¢2 stress axes, while o3 keeps a
constant orientation, as discussed in Ott d’Estevou ef al.
(1989b) for the Red Sea data.

STRUCTURAL STAGES AND
SEDIMENTARY PROCESSES

The successive structural styles closely influence sedi-
mentation in this area. Both tectonics and sedimentation
are associated to define a tectonic-sedimentary se-
quence, representative of rift evolution during the
Cenozoic (Figure B5.11).

Initial stage of rifting

As shown above, the initial stage of rifting is character-
ized mainly by strike-slip movement along Agaba
(sinistral) and Duwi (dextral) faults. The conjunction
of these two major systems, which determine a pseudo-
conjugate system sensu Angelier (1979), results in the
partition of large rhomb-shaped blocks (Figure B5.12,
B5.13) which correspond to the maximal extent of the
area subjected to rifting (Ott d’Estevou et al., 1989b; see
also Richardson and Arthur, 1988). These large blocks
were probably slightly tilted with little subsidence.
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The basal A; Red series was deposited in an alluvial
plain environment cut by minor channels which supply
proximal fans (see Montenat et al., this volume).
Predominance of fine-grained detritus suggests a low
relief hinterland. Pedogenic horizons with calcareous
nodules, weakly developed palustral episodes, frequent
desiccation features and good preservation of feldspars
in sands, all indicate a relatively arid climate (Plaziat
et al., 1990). These terrigenous deposits covered an
extensive low-relief region with shallow, poorly drained
depressions.

Sediments deposited in such a flat depositional
environment record a range of synsedimentary defor-
mations such as convoluted structures, breccias, sedi-
mentary dikes, clay diapirs, liquefaction, which are
regarded as seismites, induced by strong and repeated
earthquake shocks (Plaziat er al., this volume). Such
seismic occurrences indicate a tectonic activity. Synsed-
imentary deformations directly related to tectonic
movements are occasionally intense, especially when
located along Aqaba strike-slip faults (e.g. Gebel Tarbul
at the north-western end of the Mellaha block (Prat
et al., 1986; Figure B5.14); Gebel Mohamad Rabat, east
of Safaga (Thiriet et al., 1985)), giving rise, for example
to the formation of depocentres located within synsed-
imentary synclines.

In summary, the strike-slip deformation which char-
acterizes the initial stage of rifting has important
consequences for the rift evolution. However, fault
movement did not generate high relief fault blocks and
therefore did not exert a major influence on sedimenta-
tion.

Magmatic activity including tholeiitic basalt flows,
dikes and sills occurred during this early stage. In the
Gulf of Suez and the northern Red Sea these volcanics
occur as scattered, small-size magmatic bodies; many
dikes are clysmically oriented and concentrated on the
Sinai margin (Garfunkel and Bartov, 1977; Patton et al.,
1994). The setting of the volcanics is probably related to
tension gashes generated in the strike-slip regime (north-
west-south-east trending gashes, parallel to the hori-
zontal direction of compression; Ott d’Estevou et al.,
1986b). In this case, the small volume of volcanics
contrasts with large and repeated outflows occurring in
parts of the southern Red Sea (for instance, Yemen
volcanics groups; Davison erf al., 1994).

Tilt-blocks and sediments

Within the upper part of Group A (A,, late Aquitanian—
early Burdigalian), antithetic normal movements on
Clysmic-trending faults became dominant, while strike-
slip movements stopped, resulting in the creation of a
system of large antithetically tilted blocks. The antithetic
tilt-block pattern is widely present at the beginning of
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Figure B5.11

Example of relations between the different sedimentary units (Group A to D). Synthetic section from outcropping series of the Abu

Ghusun area (location on Figure B5.1(b)). Note the unconformities and successive sealing of faults. The limits of the basement is a schematic
illustration of the two kinds of extensional structures: antithetic tilt-blocks in the moderately subsiding external (SW) part, and synthetic faulting
toward the axis of the trough, inducing a higher rate of subsidence (after Montenat et al., 1986b).

the fault-block evolution. It occurred both in the Gulf of
Suez (e.g. Gebels Zeit and Mellaha or Abu Rudeis) and
Red Sea areas (Safaga; Ras Honkorab near Abu
Ghusun for instance; various example are described in
Montenat, 1986) (Figures B5.15, B5.19). The blocks are
often limited by Clysmic-trending faults and locally
complicated by the interference of other trends of faults,
resulting in a zigzag pattern (see above) (Figure B5.15).
Different groups of tilt-blocks with opposite dips are
separated from one another by Aqaba or Duwi faults
which previously acted as strike-slip faults, at the
boundaries of the aforesaid large rhomb-shaped blocks
(Jarrige ef al., 1986a) (Figures BS5.12, B5.16). These are
transfer faults, accommodation zones or twist zones of
previous authors (Bosworth, 1985) or doglegs of Har-

ding (1984). It is noted that such tectonic boundaries
between groups of tilt-blocks are obviously inherited
from the initial stage of wrenching (Ott d’ Estevou et al.,
1987).

This stage of structuring corresponds with a notable
change in sedimentation. The alluvial red deposits were
succeeded by sediments related to confined permanent
water conditions: anoxic lacustrine laminated carbonate
or marine evaporites (lower evaporitic episode) associ-
ated with fetid carbonates and diatomites (Ras Honk-
orab; Safaga). Moreover, these subaquatic anoxic
deposits accumulated in marked structural depressions.
For example, in the Ras Honkorab area, North of Abu
Ghusun, the evaporites accumulated in half-graben
while the crests of tilt-blocks and fault-scarps are draped



Figure B5.12  Block-diagrams representing the polyphase tectonic
evolution of the rift, inspired from examples of the Guif of Suez (after
Ott d’Estevou et al., 1989). (a) Wrench-faulting stage, resulting in the
partition of large rhombic panels slightly subsident (combination of
Duwi dextral and Aqaba senestral faults; Clysmic faults are little
apparent) (after Ott d’Estevou et al., 1989). (b) Tilt-block stage. The
panels are cut by antithetic Clysmic normat faults. Note the tilting
inversion of the blocks on both sides of Duwi faults. (¢) Horst and
graben stage. The pre-existing tilt-blocks split into a mosaic of smaller
blocks. The different fault trends act with normal throw; synthetic
Clysmic faults generate strongly subsident areas (compare with Figure
B5.17).

by dolomitized algal mats or stromatolitic domes,
brecciated on palaeoslopes (Figure B5.15). The plank-
tonic microfauna (G. primordius zoune) from marls
located in the upper part of the evaporites indicates
that the tilt-block pattern developed as early as the
Aquitanian (Montenat et al., 1986b; see also Montenat
et al., elsewhere in this volume) and was still active
during the early Burdigalian (Figure B5.4).
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Figure B5.13  Structuration of the Zeit-Mellaha area. Evolution of
the fault pattern and related cross-sections (the profiles A-B refer to
the basement). The deep structure of the Gemsa plain is interpreted
from subsurface data. Note the typical zigzag fault pattern of the
present day Mellaha crest of block. Compare with Figure B5.12
theoretical model (after Prat ez al., 1986).

Age and amplitude of rotation of tilt-blocks

Generally, the rotation of the large tilt-blocks does not
exceed 20°-25°, a similar indication being deduced from
seismic profiles (Figure B5.19) (Thiriet et al., 1986).
Most of the rotation of large blocks was completed
before deposition of Group B sediments. For example,
the large Gebel Mellaha block (southern end of the
Gulf) is tilted south-westward at about 10°. The marine
erosional surface, which truncated the crest of the block
just before the deposition of Group B sediments, has
retained a subhorizontal position (<5°) up to the
present (Purser et al., this volume). Such a disposition
is commonly observed in other parts of the Gulf of Suez
and the northern Red Sea (Gharamul, Safaga, Quseir,
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Figure B5.14 Example of synsedimentary deformation of the clastics (A, sub-group) related to contemporaneous wrench faulting along NO10
sinistral fault at Gebel Tarbul (see location on Figure B5.10). (a) Outcropping structure (after photograph). 1. fault zone, 2. Eocene overturned
limestones (Thebes Fm.), 3. basal breccia of the red clastic formation (Eocene silex and blocks of limestone) (overturned), 4. red clastics composed of
reworked Nubian sandstones. The deposits show gradual synsedimentary discordance (from overturned to normal dip of beds) and indications of
slumps to syndepositional deformation. (b) Synthetic view of the structure.

Abu Ghusun; various illustrations in Purser et al., this
volume). For that reason it is not possible to agree with
the hypothesis of a gradual and continuous tilting (i.e.
rotation) of blocks during the rift evolution, as proposed
by Bosworth et al., this volume. In some places, dips of
basement blocks exceeding 20° to 25° occur locally for a
short distance and are related to bending along fault
planes (Gebel Zeit, for instance).

The principal rotation of the tilt-blocks therefore
occurred for a short time (Late Aquitanian—Burdigalian;
Figures B5.3, B5.4) and was of a moderate amplitude.
The continuation of the rift structures results mainly
from other tectonic processes (horst and graben pattern;
see below). The completion of the tilt-block pattern,
when the Group B sedimentary interval began, has
several consequences.

1. The Group B series rest unconformably on the
underlying rocks including basement, pre-rift sedimen-
tary cover and Group A deposits. This unconformity
and the associated erosional surface are widely repre-

»
»

Figure B5.15  Syn-depositional tilt-block structures (evaporites, Az
unit, Ras Honkorab area). (a) Schematic map of block-faulting which
occurred during the deposition of evaporitic A, unit (drawn after
geological map in Montenat ef al., 1986b). 1. basement, 2. evaporites,
3. fault (faulting contemporaneous with the deposition of A, unit),
4. foliation of metamorphic basement, 5. dip of evaporites beds, c-d
location of sections. (b) and (c) Sections, see location on map.
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Figure BS.16  Successive group of tilt-blocks with opposing dips. The homogeneous tilt provinces are separated by tectonic boundaries, the so-called
transfer faults, dog-legs accommodation, hinge or ‘twist’ zones, which are the effects of faults (Aqaba or Duwi trends) which acted as strike-slip faults
during the early stage of the rift-structuration. (a) The tilt provinces in the Gulf of Suez (after Jarrige ef al., 1990). 1. dip of block, 2. fault, 3. tectonic
boundary of tilt provinces, 4. major fault bounding the rift shoulders, 5. rift shoulder. (b) Simplified cross-sections in the different tilt provinces of the
Gulf of Suez (adapted from Patton ef al., 1994). 1. basement, 2. pre-rift sedimentary cover, 3. syn-rift deposits {pre-evaporites of Group C), 4.
evaporites (Group C) and recent deposits. Arrows: limits of the offshore part of the Gulf. Locations of sections are shown on figure (a).

sented and referred to as the ‘mid-Clysmic event’
(Garfunkel and Bartov, 1977), identified by subsurface
data in the offshore trough as intra-Burdigalian in age
(Figure B5.4).

2. Group B sedimentation recorded the various
morphostructural and erosional features of the under-
lying fault blocks (abraded crest of block, steep talus on
fault scarp or gently sloping flank of tilt-blocks; chan-
nels controlled by Agaba or Duwi trending faults which
separate different groups of fault blocks).

3. The rejuvenation of fault blocks (horsts and
graben) and consequent reactivation of erosion during
Group B sedimentation, provided a large amount of
clastics (including material of the basement) for Group
B submarine channel and fans. The clastics supplied
from the rift margins may be funnelled toward the axis
of the basin via structural corridors controlled by Duwi,
Aqaba, or occasionally cross-trending faults, oblique to
the tilt-block pattern (discussion in Purser et al., this
volume; Figure B5.8).

Horst and graben structural stage
and the maximum subsidence

As noted above, continuation of extensional tectonics
and concomitant accentuation of the subsidence during
Group B sedimentation are not due to persistent
rotation of tilt-blocks along curved listric faults as
inferred by Moretti and Colletta (1987) (see also
Bosworth et al., this volume). At outcrop there is no
evidence of such major listric faults affecting the
basement. On the other hand, the listric faults that are
present seem to be of superficial origin, of relatively
minor size, and are considered to be related to gravita-
tional processes (Ott d’Estevou et al., 1987; Jarrige et al.,
1990; Figure B5.19).

The subsequent stage of the rift structure during
Group B consists in the break up of pre-existing tilt-
blocks which are dislocated by predominantly synthetic
faults (flank of block), associated with a longitudinal
cutting or cleavage of many block crests (Figures B5.9,
B5.17). During this stage, all fault trends have large
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Figure B5.17  Example of cleavage of a crest of tilt-block which
occurred during the deposition of the ‘Globigerina marls’ (upper
Rudeis Formation, i.e. Group B). Note the important downthrow
recorded during the horst and graben stage. (a) July field, offshore Guif
of Suez, south-east of Ras Gharib, after Brown (1980). (b) Reconsti-
tution of the tilted block before cleavage (Nukhul deposits).

vertical throw (thousand metres during Group B sedi-
mentation). As a result, the former large tilt-blocks are
split into a mozaic of smaller blocks, leading to a
complicated horst and graben system (Figures B5.12,
B5.13).

Reefs are built on structural highs (horst and crest of
tilt-block) and developed large carbonate talus covering
fault-scarps (Purser et al., this volume) while pelagic
muds (Globigerina marls) accumulated in highly subsi-
dent graben. At the exit of the previously described
transverse tectonic corridors, clastic discharges resulted
in detrital fans sandwiched between marls (for instance,
Gharamul area, Ott d’Estevou et al, 1986a; Abu
Ghusun area, Montenat ef al., 1986b). The horst and
graben pattern evolved during the Group B interval and
shows various synsedimentary effects (Figure BS5.18).
The formation of the horst and graben pattern does not
exclude a slight rotation of some blocks (<5°, for
example Gebel Esh Mellaha) but this tilting is of minor
importance during this kinematic stage of structuring
(Figure B5.3).

The predominance of synthetic faults resulted in the
increase of the regional basinward dip, which marks the
beginning of the centripetal migration of subsidence
during Group B and coincides with the maximum

subsidence of the rift (Moretti and Colletta, 1987)
(Figure B5.4).

Flexure and centripetal evolution

Most of the faults active during the formation of the
horst and graben pattern were sealed during deposition
of Group C evaporites (Figures B5.17, B5.19). In many
places the evaporitic episode is preceded by the depo-
sition of dolomitized algal mats and stromatolitic
carbonates, which coat pre-existing morphologies in-
cluding fault-scarps and these seal the previously active
faults (spectacular examples are seen in Gebel Mellaha;
Prat et al., 1986; Purser and Plaziat, this volume; Figure
B5.18).

Group B sediments and older rocks, including the
basement, are unconformably onlapped by the evapo-
rites. For the main part, these evaporites are not related
to playa or sabkha deposits and have generally been
deposited under subaquatic basinal conditions. Large
tectonic features such as fault-scarps (tens of metres
high) or reef talus, were buried under the fine-grained
sulphate sediment (Orszag-Sperber et al., this volume).

The block faulting previously discussed was succeed-
ed by a general flexure of the margins towards the axial
part of the basin. This flexuring is illustrated by:

1. The emergence of large parts of the rift margins
which subsequently remain outside the area of marine
syn-rift sedimentation.

2. The thickening of the evaporites basinwards, clearly
recorded along clysmically-oriented flexures (Ghar-
amul, Safaga, Abu Ghusun, etc.), and the location of
salt deposits in the axial part of the trough (Patton
et al., 1994; Figure B5.19).

3. Synsedimentary sliding of the evaporites as evidenced
on seismic lines by numerous and classical examples
of listric faults and rollover structures (for example
Safaga offshore margin, Thiriet et al., 1986; Figure
B5.19).

These features indicate migration of subsidence towards
the basin centre, which coincides with a gradual
reduction of the marine domain, which tends to be
limited to the axial part of the rift.

During Plio-Pleistocene Group D, the outstanding
event is the beginning of halokinetic movements which
strongly deformed the Plio-Pleistocene sediments
(Orszag-Sperber et al., this volume). Halokinesis due
to the mobilization of Group C evaporites seems to be
especially located directly above buried major faults
(Mart and Rabinovitz, 1987). The different stages of the
rift structures are synthetized on Figure B5.20.
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Figure BS.18  Fault-block and sediments. Two field sections of the crest of the Mellaha block (Bir Abu Shaar zone) illustrating synsedimentary
faulting and sealing of fault. A; — General setting. 1. volcanic basement (crest of block), 2. strongly fractured basement, cut by sedimentary dikes
(filled with Group B micritic sediment), 3. fault zone active at the beginning of Group B sedimentation (detail in A,), 4. peri-reefoid calcarenites

(Group B) with internal truncations and talus, induced by faulting (major fault bounding the crest of the block to the north-east). A, — detail of the
active fault zone, 2 and 3 idem A, 5. brecciated basement with internal scars of sliding, 6. basal conglomerate, 7. sandy carbonates, gradually sealing
the fault and affected by jointing. B, — General setting. 1, 2, 3 and 4 idem A;. Note the successive synthetic faults which are satellites of the major fault
bounding the block to the north-east and active during the same time (illustration of the cleavage of a crest of block). B, — 2. idem By, 5. stromatolitic
coating plastered on faultscarp and sealing previous fault (beginning of Group C), 6. collapsed stromatolitic material and evaporites (Group C). A3 —

detail of the stromatolitic coating. Note the absence of tilting of Group B deposits, although they were affected by subsequent faulting (horst and
graben stage).

Figure B5.19  Simplified cross-section of the western Red Sea margin near Safaga including onshore and offshore data. The section shows the
dislocation of large tilt-blocks into second order smaller blocks and the general flexure of the margin which result in a substantial thickening of the

Group C evaporites basinwards. The evaporites suffered gravitary deformations resulting in the formation of listric faults and associated rollover
structures.



114 Rift development in the Gulf of Suez and the north-western Red Sea

Figure B5.20  Schematic illustration of the different stages of structuration of the Gulf of Suez. Northern Red Sea rift. Note the centripetal

evolution of the depositional area (after Montenat ef al., 1988).

INITIAL DOMING VERSUS UPLIFT
OF THE RIFT SHOULDERS

It has often been considered that an initial stage of
thermal doming preceded the rifting and prefigured its
subsequent geometry. According to that point of view,
the rift resulted from collapse of the domed and thinned
crust. However, more recent work indicates that there is
no evidence of pre-rift uplift (doming) and related
erosional phase. Heybroek (1965), Metwalli et al.
(1978), previously recognized that the pre-rift sedimen-
tary cover is preserved in the blocks lying in the central
trough of the Gulf (Figure B5.16). These Cretaceous—
Paleogene rocks were not eroded prior to the rift
initiation and, in most cases, the contact with overlying
Group A deposits is conformable. The stratigraphic gap
between the pre-rift and the syn-rift stages is not
important (see Montenat et al., elsewhere in this
volume): the pre-rift sedimentary cover includes late
FEocene deposits on the Sinai margin (Garfunkel and
Bartov, 1977; Ott d’Estevou et al., 1989a) and a Rupelian
age is assigned for the first syn-rift marine deposits in the
Midyan Peninsula (Purser and Holtz, 1988).

The first sediments of the rift sequence (A; Red
series) indicate a relatively low-lying environment (flood
plain-type) lacking notable relief. The evidence present-
ed indicates that the uplift of the rift shoulders occurred
subsequently. It started at the beginning of Group B and
is recorded by a sudden and massive influx of clastics,
including in many places, a horizon with large basement
boulders at the base of the unconformable Group B
sediments. This horizon has been observed also on the
Sudanese margin (Montenat et al., 1990). On the Sinai
margin the basement is deeply buried under a thick pre-
rift cover which was exhumed later (Sellwood and
Netherwood, 1984; Figure B5.4). According to Kohn
and Eyal (1981), at least 3000 m of uplift has occurred
since 9 Ma on the Sinai shoulder. Generally the uplift
was reactivated by the end of Group C onwards. The
vertical difference between the axis of the rift of Suez
and its shoulders is between 6000 and 7000 m and very
steep slopes with youthful morphologies indicate recent
uplift (for example Gebel Gharib, 1750 m, in the Gulf;
Figure B5.16).
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Figure B5.21 Compilation of the major sedimentary and tectonic
events which characterize the evolution of the South Atlantic
Cretaceous rift (African margin) for comparison with the Gulf of Suez
tectonic-sedimentary sequence. Several important and classical sedi-
mentary units are mentioned in italic.

SHORT COMPARISONS WITH OTHER
TECTONO-SEDIMENTARY RIFT SEQUENCES

It is useful to compare the above-mentioned tectono-
sedimentary sequence with that recorded by other rift
systems. An instructive example is given by the West
Africa Atlantic margin (from Gabon to Namibia) which
was part of the South Atlantic rift during the early
Cretaceous (Schlumberger, 1983).

This domain is well documented from subsurface
data provided by intensive oil prospecting (see reviews in
Reyre, 1984; Teisserenc and Villemin, 1990), although
little is known concerning the detailed structural history,
due to the scarcity of field data.

The tectono-sedimentary evolution of the South
Atlantic rift is synthesized in Figure B5.21. The most
significant elements of comparison are as follows.

1. The South Atlantic rift is founded on a fault
pattern clearly inherited from Precambrian structures:
fault blocks are mainly bounded by north-north-west—
south-south-east and north-north-east—south-south-
west trending faults which are combined with transverse

north-east-south-west to sub east-west trending faults,
resulting in the formation of a zigzag fault pattern
(Reyre, 1984). The latter transverse faults divide the
margin into segments each of which comprise different
associations and geometries of fault blocks. Some
transverse fault zones play an important role in the
subsequent stages of the margin evolution (late Creta-
ceous and Tertiary) as a preferential exit for clastic
transit (‘faisceau N’Komi’ on the Gabon margin for
instance; Reyre, 1984).

2. The rift was initiated in a zone affected by
peneplanation and underwent minor subsidence since
late Palacozoic time; thus it was not preceded by a
general doming. Nevertheless, a giant thermal doming
related to a mantle plume was centred on the southern
end of the future rift (i.e. the Walvis ridge, located
initially close to the Namibian and southern Brazil
edges) and emitted important basalt flows into the
peripheral areas (Baumgartner, 1974). A similar thermo-
magmatic dome possibly existed close to the south-
eastern end of the Red Sea rift (Chazot er al., this
volume) where the volcanic emissions were especially
important during the early rifting stage (Yemen volcanic
group, for example; Davison ef al., 1994).

3. The sedimentary sequence in the South Atlantic rift
begins with early Cretaceous red terrigenous sediments,
including palustral episodes. They reflect poorly drained
alluvial plains, with little hinterland relief, under rela-
tively arid conditions as suggested by the presence of
arkosic sands. Such a depositional environment is
similar to that prevailing at the beginning of Gulf of
Suez and Red Sea rifting (Abu Zenima or Abu Ghusun
fms, or sub-group A). Scarce basaltic outflows and tuffs
(Brognon and Verrier, 1966) complete the similarity
with the first sedimentary episode of the northern Red
Sea. There are no available data concerning the tectonic
regime which occurred during this time in the South
Atlantic zone.

4. The subsequent deposition of subaquatic sediments
(early Neocomian—Barremian) is related to the creation
of structural depressions, formed by north-north-west—
south-south-east to north-south trending tilt-blocks
where anoxic dark lacustrine shales, silts and channel-
ized sands were deposited. These black shales are an
important potential source rock. Dolomitized lacustrine
carbonates including coquina banks, algal mats and
stromatolitic platform deposits (e.g. Toca formation, for
example; Schlumberger, 1983) are a lateral equivalent to
the black shales and are limited to palaeo-highs formed
by crests of blocks. The depositional environment is
compared by the authors to present-day deep anoxic
lakes of the East Africa Rift (Reyre, 1984). Obvious
similarities exist between these deposits and various
anoxic sediments such as laminated carbonates, evapo-
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rites and diatomitic marls or microbial and stromatolitic
carbonates, observed at Safaga and Ras Honkorab (sub-
group A,).

5. According to Reyre (1984), the structural pattern is
composed of two categories of fault blocks:

a) antithetic tilt-blocks are located in the inland
(peripheral) zone, where a moderate subsidence is
recorded and is related to a low rate of crustal
stretching; these blocks are mainly tilted eastward
(see also Brice et al., 1982);

b) synthetic tilt-blocks prevail in basinward loca-
tions, in a highly subsident zone where up to
several thousand metres of anoxic lacustrine
sediments were deposited. This subsident area
corresponds to a very thinned and stretched crust
(i.e. zone of ‘surextension’ of Reyre, 1984), which
develops toward the rift axis.

Two kinds of extensional structures are also observed
in the north-western Red Sea where a synthetic block
faulting is superimposed to the antithetic tilt-block
pattern and is responsible for the creation of a steep
regional dip and the formation of a strongly subsiding
trough (see above). Unlike the north-western Red Sea, it
is not clearly established whether or not the two kinds of
Atlantic structures are contemporaneous.

Teisserenc and Villemin (1990) support a polyphase
rift structure in the South Gabon sub-basin. They
describe an initial episode of moderate extensional
tectonics, followed by more accentuated tectonic activity:
‘Deposition of the Melania Formation (upper part of
Neocomian-Barremian black shales and sandstones) was
contemporaneous with graben and horst block faulting.
Abrupt thickness changes are found. Sedimentation can
be different from one tectonic block to the next’. In
addition, the authors noted that the episode of horst and
graben faulting corresponds to the maximum subsidence
of the rift sequence (Figure B5.21). A polyphase rift
structure is also supported by Brice et al. (1982).

By mid-Barremian times, tectonic activity gradually
ceased and the last syn-rift deposits (e.g. upper Melania
beds and terrigenous Crabe and Dentale formations) are
unconformably draped on the underlying structures. At
the same time, the westward flexure of the margin
started. Rift structures are sealed and covered by clastic
deposits (e.g. Gamba or Chela formations), associated
with a regional erosional surface and are overlain by
Aptian evaporites which thicken westwards.

The evaporitic episode is regarded either as a trans-
itional stage or as the early phase of drifting (Teisserenc

and Villemin, 1990; Brice et al., 1982). The same
question is also under discussion for the Red Sea (see
above the limit between syn-rift and post-rift deposits).
As early as Albian times, salt tectonics began to
influence sedimentation on the Atlantic margin. This
early stage of halokinesis may be compared with the salt
structures which affect the Plio-Pleistocene series
(Group D) of the Red Sea. The comparison ends at
this stage as, the north-western Red Sea today is in a
juvenile stage of passive margin development.

CONCLUSION

Detailed field studies and additional subsurface data
provide accurate information concerning: 1. the geom-
etries and kinematics of the rift, on one hand; 2. the
succession of sedimentary episodes contemporaneous
with the structuring, on the other hand. From the
integration of these data, it is possible to define a
tectono-sedimentary sequence which characterizes the
evolution of the Gulf of Suez and north-western Red
Sea rift.

The brief comparison, with other rift systems, either
within an intracontinental context or evolving towards
an oceanic passive margin, is instructive. It appears that
a number of similar features occur such as inherited
structures, formation of the zigzag fault pattern, initial
strike-slip structural stage, polyphase extensional struc-
tures, analogy of sedimentary sequences suggested by
the comparison with the Cretaceous South Atlantic rift,
etc. These features may be regarded as typical attributes
of rift dynamics and useful guides for economic pros-
pecting. However, such studies of rifts require more in-
depth investigations. These comparative data may also
be useful for the interpretation of ancient rifts influenced
by subsequent orogenic cycles; the early Jurassic
Tethyan rift, for instance, lends itself to instructive
comparison and analogies with the north-western Red
Sea rift (Dumont and Grand, 1987).
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SECTION C
Early rift sedimentation and tectonics

These three chapters focus on the earliest rift-related
sediments in the Red Sea and Gulf of Aden. Late pre-rift
and early syn-rift continental clastic sediments provide
information on the geomorphological and structural
evolution of the basin during its initiation and early
stages.

Critical to this aspect of basin evolution is the nature
and timing of the syn-rift unconformity at the base of
the rift basin fill which, in this case, is found to be
diachronous both within the basin as a whole and
locally within the Gulf of Suez.

C1 Pre-rift doming, peneplanation or subsidence in the
southern Red Sea? Evidence from the Medj-zir
Formation (Tawilah Group) of western Yemen
A.-K. Al-Subbary, G. Nichols, D. W. J. Bosence and
M. Al-Kadasi

C2 Sedimentary evolution of the early rift troughs of
the central Red Sea margin, Jeddah, Saudi Arabia
M. A. Abou Ouf and A. M. Geith

C3 The sedimentary record of the imitial stages of
Oligo-Miocene rifting in the Gulf of Suez and the
northern Red Sea
C. Montenat, F. Orszag-Sperber, J.-C. Plaziat and
B.H. Purser



C1

Pre-rift doming, J)eneplanation or subsidence in

the southern Re

Sea? Evidence from the Med;-

zir Formation (Tawilah Group) of western
Yemen

A.-K. Al-Subbary, G. J. Nichols, D. W. ). Bosence and M. Al-Kadasi

ABSTRACT

The behaviour of the lithosphere prior to rifting and rift-
related volcanism in the southern Red Sea area is
recorded in the stratigraphy underlying the Yemen
Volcanic Group. The Medj-zir Formation is dated as
Paleocene to Oligocene in age and is the upper part of
the Cretaceous to Paleogene Tawilah Group of Yemen.
The Medj-zir Formation is well exposed over a large
area of western Yemen, forming a unit which varies in
thickness from 30-60 m in the west to 60-75 m in the
east. The Yemen Volcanic Group overlies the Medj-zir
with a sharp, but conformable boundary. The lowest
volcanics are dated as 30-32 Ma. The Medj-zir Forma-
tion consists of clastic and subordinate carbonate facies
which indicate deposition in fluvial, shallow marine and
lacustrine-lagoonal environments. Three members are
recognized: the basal Zijan Member comprises fluvial
facies and shallow marine sandstones and mudstones;
the Kura Member is made up of fluvial channel and
overbank facies, the latter including well-developed
ferruginous paleosols; the Lahima Member, at the top,
is fine-grained, including gastropod-rich limestones
deposited in a lacustrine or brackish lagoonal environ-
ment. These facies and transitions between them repre-
sent deposition in a coastal plain to shallow marine shelf
setting which was subjected to minor fluctuations in sea
level. It is noteworthy that there arc no angular
unconformities or erosional hiatuses within the Medj-
zir Formation anywhere in western Yemen. Deposition-
al hiatuses of unknown duration are represented by
well-developed paleosols indicating long periods of
tectonic stability. The contact with the overlying volca-
nics is conformable in all examined sections and there

are no volcanic horizons or clasts in the Medj-zir
Formation.

The evidence from the sedimentology and strati-
graphic relationships in the Medj-zir Formation shows
that the Paleocene to Oligocene period prior to vol-
canism and rifting in the southern Red Sea the region
was tectonically stable. During the Paleogene western
Yemen was part of a very extensive alluvial to coastal
plain extending out from a source area in central Africa
to the Tethyan margins of North Africa, southern
Arabia and the Horn of Africa. The topography of this
alluvial plain was not affected by a prevolcanic phase of
doming as has been predicted in current models for
plume-related rifting.

INTRODUCTION

There are two main constraints to establishing the
evolution of sedimentary environments in response to
rifting in the southern Red Sea. Firstly, the outcrops in
western Yemen (Figure Cl1.1) are dominantly volcanic,
which until recently (Baker et al., 1996a) have been
poorly dated, and postvolcanic exhumation and uplift
have affected the entire margin (Menzies et al., 1992;
Davison et al., 1994) so that there are very few surface
outcrops of syn-rift sediments. Secondly, the published
subsurface data from the southern Red Sea is sparse and
of poor quality. Work undertaken in this area empha-
sizes the poor imaging of subsalt seismic stratigraphies
(Mitchell et al., 1992, p. 192) and the paucity of wells
penetrating the early syn-rift or pre-rift (Hughes and
Beydoun, 1992; Crossley et al., 1992). Thus Crossley
et al. (1992) conclude (p. 171) that ‘understanding of the
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Figure C1.1  Geological map of western Yemen with an east-west cross-section or rift shoulder map and location of Thio 1 well in southern Red
Sea (after Davison et al., 1994).



relationships between sedimentation and tectonic histo-
ry remains weak’ and that ‘many unknowns remain’.
The one well that does penetrate the Oligocene (Thio 1,
offshore Eritrea, Figure C1.1) indicates that this area
had a marginal marine environment during the late
Oligocene (Hughes and Beydoun, 1992) and this has
been used to provide a date for late Oligocene rifting in
the southern Red Sea (Hughes et al., 1991). However, a
rifting unconformity was not penetrated in this well so
that while it provides the earliest known marine flooding
of the area it cannot be tied to the tectonic development
of the basin.

Recent research on the extensive outcrops in western
Yemen of the Cretaceous to Tertiary Tawilah Group
sediments and the overlying Yemen Volcanic Group
have shown that whereas previously the contact was
thought by some to have been unconformable (cf.
Civetta et al.,, 1978; El-Nakhal, 1988), recent works
(Menzies et al., 1991, 1995; Davison et al., 1994) have
shown that this junction is conformable and that the
onset of volcanism over western Yemen was broadly
synchronous between 30 and 32 Ma. The volcanic
sections (c. 2.5 km thick) do not contain any major
unconformities but are themselves faulted into domino-
style tilt-blocks (Figure C1.1; Davison et al., 1994). The
timing of the onset of this rifting must therefore be post-
volcanic (<26 Ma) and may be related to the crustal
extension associated with the intrusion of granites along
the Great Escarpment between 22.3-21.4 Ma (Zumbo
et al., 1995) and c¢. 25 Ma (Blakey et al., 1994).

If extension started at, or soon after, 26 Ma on the rift
shoulder then this correlates well with recent work
(Toleikis and Schroeder, 1995; Schroeder er al., this
volume) on the benthic foraminifera of limestone
outcrops further north on the coastal plain of Sudan
(Abu Imama Formation) that show fully marine strata of
zones N4-P22 giving an age of about 24-26 Ma (cf. Haq
et al., 1988). Similarly the earliest recorded marine strata
from the central Red Sea in Thio 1 well is about 25 Ma
(‘penetration of zone NP25’, Hughes ez al., 1991, p. 357).
Therefore, current evidence suggests rifting started at
around 26 Ma and the earliest evidence for marine
flooding within the southern Red Sea is at 26-24 Ma.

The best information from western Yemen on these
early phases of rifting comes from well-exposed strati-
graphic sections of the uppermost Tawilah Group which
are conformably overlain by 30-32 Ma basalts and
therefore must be within the pre-rift phase of this part of
the Red Sea basin. Data from these sections are
therefore essential to understanding the basin evolution
of this area and are crucial to the question as to whether
the basin was affected by a phase of pre-rift updoming

(Lowell and Genik, 1972) or whether there was no pre-

rift updoming (Bohannon et al, 1989; Coleman and
McGuire, 1988; Davison et al., 1994).
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This chapter describes in detail the diverse suite of
sedimentary rocks which accumulated in western Yemen
prior to the 32-26 Ma volcanism of the Yemen Volcanic
Group. The data come from extensive outcrops in this
area which have been studied as part of a University of
Sana’a/Royal Holloway, University of London collab-
orative project. Eighteen sections have been studied (Al
Kadasi, 1994; Al-Subbary, 1995) throughout the Sana’a
area (Figures C1.1, C1.2) and this has led to a revision
of the lithostratigraphy of these strata and the recogni-
tion and erection of three new members within the
Medj-zir Formation of the Tawilah Group (Figure
C1.3). These comprise:

(top conformable with the Yemen Volcanic Group dated at 30-32 Ma)
Lahima Member — lacustrine mudstones, cherts and freshwater
limestones.

Kura’ member — fluvial sandstones with well-developed ferricrete
paleosols.

Zijan Member — alluvial plain and shallow-marine sandstones.

(base conformable on the Ghiras Formation of the Tawilah Group)

Below we describe and interpret the occurrence,
nature and environment of deposition of these strata
and use these data to demonstrate that there is a
conformable sequence from the late Mesozoic to the
Oligocene in western Yemen. The sedimentary environ-
ments indicate changes from shallow marine to fluviatile
conditions with mature quartz arenites being derived
from northern Ethiopia-southern Sudan to the south-
west across the area of the present-day Red Sea. These
formed an extensive alluvial plain that was subjected to
long periods of soil formation in a tropical to subtrop-
ical environment which then changed to lacustrine—
lagoonal environments prior to the onset of subaerial
volcanism.

DEFINITION AND DISTRIBUTION
OF UPPERMOST TAWILAH GROUP
SEDIMENTS, WESTERN YEMEN

Medj-zir Formation

The Tawilah Group is a unit of sedimentary rocks up to
400 m thick which occurs in western Yemen (Plate 9(a))
and is subdivided into two formations: the Ghiras
Formation and the Medj-zir Formation (Al Subbary
et al., 1993). Both formations occur in all the sections of
the Mesozoic outcrops of Yemen that we have investi-
gated (Figure C1.2) with the exception of the Medj-zir
Formation which does not occur to the north in the
Jebel Al Jahili section (loc. 18 south of Sana’a; Figure
C1.2). The Medj-zir accounts for between a quarter to a
third of the thickness of the measured Tawilah sections
(Al Subbary, 1995). Formerly the Tawilah had been
assigned formation status with the Ghiras and Medj-zir
as members (El-Nakhal, 1988). Al Subbary ez al. (1993)



122 Pre-rift doming, peneplanation or subsidence

Figure C1.2  Logged sections through the Medj-zir Member of the Tawilah Group in western Yemen. (All logs have a granulometric scale: ¢ - clay,
s —silt, f - fine, m — medium, ¢ - coarse, p — pebble and b — boulder.)
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Figure C1.3  Three sedimentological logs from the west-east-southeast cross-section through the Medj-zir Formation illustrating members,
lithologies, structures, palaeocurrents, facies and facies associations used in the construction of Figure C1.2.



raised the Tawilah to group status with the Ghiras and
Medj-zir as formations on the basis that they are
widespread mappable units in western Yemen.

The Medj-zir Formation varies in thickness from zero
at the Jebel Al Jahili section (loc. 18) to 115 m in the
Jebel Marmar type section (location 8, Figure C1.3).
The unit comprises medium- to fine-grained sandstones,
sometimes with large-scale cross-bedding. The sands
and associated claystones are locally fossiliferous with
trace fossils and microfauna (Al Subbary, 1993). Some
horizons are conglomeratic and fine-up to sandstones.
The upper beds frequently contain ferricrete horizons.
The interpreted environments range from shallow ma-
rine to fluviatile, to flood plains with iron-rich soils and
lacustrine areas. These are detailed below.

The age of the Medj-zir is considered to be early
Tertiary; Paleocene to Eocene by Geukens (1960),
Paleocene by Geukens (1966), Paleocene by El Nakhal
(1988). The recent radiometric dating of the overlying,
conformable basal flows of the Yemen Volcanic Group
at 30-32 Ma (Baker et al., 1996) indicates that the upper
parts of the Medj-zir may be as young as early
Oligocene.

The Medj-zir Formation is subdivided into three
members: from base to top, the Zijan, Kura and Lahima
(Al Subbary, 1995) — and these occur in all of the
outcrops we have examined. The essential lithostrati-
graphic data of these members is summarized below and
in Figures C1.2 and C1.3.

Zijan Member

The Zijan Member (Al Subbary, 1995) attains 60 m in
thickness at the type locality in Zijan village (15° 29’
20” N and 44° 25’ 08” E) but is more commonly 20—
30 m except in the most western (locations 1, 2, and 3,
Figure C1.2), southern (location 16, Figure C1.2) and
northern outcrops (location 18, south of Sana’a, Figure
C1.1) where the member is absent. The member thickens
considerably to the south-east. The boundaries are
conformable with the underlying Ghiras Formation
and the overlying Kura’ Member.

The sediments of the Zijan Member are brown,
mainly massive, medium to fine-grained sandstones
which are interbedded with greenish-grey to brown
carbonaceous rich siltstones (Plate 9). Ferricretes are
present and are composed of very dark, red to black iron
oxides. These iron-rich beds are confined to the fine-
grained sediments.

Kura’ Member

This member (Al Subbary, 1995) is conformable with
the underlying Zijan Member, or the Ghiras Formation
where the Zijan is absent, and also conformable with the
overlying Lahima Member. The unit is 33 m thick at the
type locality at Jabal Kura, to the east of Wadi Al-Sir
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(15°297 20" N, 44° 25" 08" E) and is commonly 20-30 m
thick throughout the study area. The member is present
in all the studied sections of the Medj-zir and shows a
gradual thickening to the south-east (Figures C1.2,
CL.3).

The lower part of the member comprises very fine-
grained, variable coloured (often yellowish) sandstones
and siltstones with lenticular units of dark grey/pink
claystones. The middle layers are characterized by dark-
brown very fine sandstones, ferruginous claystone and
yellowish brown to mottled pink mudstone horizons
with iron concretions. Upper sections are dark-brown to
deeply reddish-coloured very fine sandstones and fer-
ruginous claystones with concretionary iron-rich zones
up to 1 m thick (Plate 10).

Lahima Member

This member conformably overlies the Kura® Member
and is conformably overlain by volcanic tuffs and lavas
of the Yemen Volcanic Group (Figure C1.3). The type
locality is Wadi Lahima (Al Subbary, 1995), west-south-
west of Al-Mahwit (15° 25” 37”N, 43° 29’ 19”E) where
the unit is 45 m thick but it is commonly about 20 m
throughout the rest of the outcrop. The south-eastern
sections are thicker than the sections in the centre of the
east-west transect (Figure C1.2), with the exception of
the locally thickened section at the type locality. The
member thins to the south to 10-15 m at locations 15
and 16 (Figure C1.2) and is absent at Hajdah (location
16) where the Yemen Volcanics rest conformably on the
Kura’ Member.

The Lahima Member (Figures C1.3, C1.4) consists of
laminated mudstones, siltstones (locally with chert) and
very fine sandstones with a variety of structures includ-
ing current ripples, planar lamination with heavy
minerals and some desiccation cracks. The siltstones
and claystones contain gastropods, ostracods and
bivalves. Iron concretions occur within some of the fine
sediments. Locally, the uppermost part of this member
are dark-grey limestones with lenticular horizons rich in
gastropods. None of these lithologies are laterally
continuous with the exception of the lacustrine mud-
stones in the east and south-east (Figure C1.2).

Jihana Member of Yemen Volcanic
Group, western Yemen

The type section of the Jihana Member (Al Kadasi,
1994) is at Jihana (Wadi Ashgan, 44° 34’ 00”E, 15° 09’
3”N; locality 12, Figure C1.2) where it comprises 20—
45 m thick beds of volcanic ashes, lithic tuffs and lithic
crystal tuffs. The lower contact of the Jihanah Member
varies from sharp to conformable with the Lahimah
Member. The upper contact is sharp and conformable
with the basal flows of the c¢. 2500 m thick Yemen
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Figure C1.4 (a) Lacustrine mudstone Jabal Kura’ (section 10). (b) Polished specimen (actual size) of carbonaceous limestone facies with aligned
shells and bone fragments (left), Wadi Lahima (section 2). (c) Thin section of carbonaceous limestone facies with gastropod (centre) and quartz (field
of view 2 mm). (d) Thin section of bioclastic grainstone from carbonaceous limestone facies with Microcodium and intraclasts of micrite (field of view

2 mm).

Volcanic Group. The main lithotypes found within the
Jihana Member (Al Kadasi, 1994) are medium- to fine-
grained lithic-crystal and crystal-lithic tuffs containing
irregularly shaped mafic boulders, lithic fragments and
pyroxene crystals. Chlorite patches (after lithic frag-
ments or pyroxene crystals) and calcite also occur. These
lithic crystal tuffs may be mixed with volcanic ashes and
irregular-shaped siltstone beds.

The presence of sub-angular to sub-rounded quartz
with angular clinopyroxene suggest volcanic eruptions
contemporaneous with sedimentation. Similarly, the
presence of a fine layering of clinopyroxene crystals
interbedded with fine volcanic ashes suggests reworking
of volcanic air-fall deposits.

Facies of the Medj-zir Formation

Sedimentological analysis of eighteen outcrop sections
from a major east-west traverse together with isolated
outcrops to the north and south (Figures Cl1.1, C1.2)
results in the recognition of nine principal facies within
the Medj-zir Formation. The facies are described below

and the designations used here are adapted from the
coding scheme of Miall (1977, 1978). They are subse-
quently grouped into facies associations and interpreted
in terms of depositional environments.

Conglomeratic channel-fill facies (G)

This facies occurs rarely within the Zijan and Kura’
Members (Figure C1.2) as thin units associated with the
trough cross-bedded sandstone facies and very fine
sandstone, siltstone and mudstone facies (see below). It
consists of lenses of medium to coarse sandstone and
pebbly sandstone, sandy conglomerate and clast-sup-
ported conglomerate with subordinate amounts of fine
sand and slit (Plate 9(b)). The sandstones are well to
very well rounded and poorly sorted. Intraformational
clasts, including sandstone and mudstone clasts, peb-
bles, and large blocks up to 65 cm across are common to
abundant. Pebbles are well rounded and the sizes
observed range up to 5cm in diameter. Individual
lenses of sand and gravel range from 1 to 5 m thick.
Internal structures are characterized by large-scale, low
to moderate angle bed sets, parallel and planar strati-



fication, scour and fill structures, and medium- to small-
scale, 5 to 25 cm thick trough cross-stratification (Plate
9(b)). Poorly developed trough cross-beds record vari-
able flow directions but a north-eastward vector pre-
dominates. Silicified wood is recorded at the top of this
facies.

Trough cross-bedded sandstone (S,)

The facies occurs only locally within the Zijan Member
and rarely in the Lahima Member (Figure C1.2). The
sandstone beds comprise white to yellowish light-grey,
medium- to very coarse-grained, moderately well-sorted
to moderately sorted quartz arenite, commonly with
quartz granules, small pebbles and mud clasts. The
sandstone beds are generally thin, <1 m, trough cross-
bedded in the sets ranging from 10 to 40 c¢m in thickness.
Locally they are also horizontally laminated beds and
normally graded. Bases are erosive and cross-cutting
while bed tops are not well preserved. The quantity and
size of the pebbles generally decrease upwards. Fossils
are absent. Trough cross-bedding shows that the direc-
tion of flow was to the north-east with subordinate flow
to the north-west.

Planar-tabular cross-bedded sandstone (S,)

This facies is found locally in the Zijan and Kura’
Members (Figures C1.2, C1.3) and is particularly well
developed at location § (Figure C1.3) as 4-8 m thick
units. The sandstones are pale, medium- to coarse-
grained, moderately sorted quartz arenites. Planar-
tabular cross-beds occur mostly in sets of 10 to 25 cm;
large-scale sets of 30 to 100 cm also occur (Plate 9(c)).
Horizontal bounding surfaces are common. The general
trend of palaeocurrents is to the north-west.

Concretionary iron-rich sandstone facies (Sy,)

Concretionary ironstones developed in sandstone beds
dominate the Kura’ Member in all areas and are
common in the basal parts of the Lahima Member
throughout the study area. These show features typical
of paleosols developed in sandstones such as very dark
red to black ironstone concretions and mottling, plant
and root remains. XRD analysis of the concretions
indicates that kaolinite is the main clay mineral and
the ferruginous material is hematite (Al Subbary,
1995). The concretions generally concentrate towards
the tops of beds of sandstone, siltstone and mudstone
(Plate 10(c)). Individual iron-rich zones show a well-
developed pedogenic horizonation and can be divided
into three subzones according to colour and abun-
dance of the iron concentration (Figure C1.5). The
lower subzone is usually greenish mottled with whitish
and yellowish patches, and in thin section sands are
seen to be bioturbated and have iron-rich patches. This
subzone grades upwards into a pinkish coloured
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subzone in the middle with coated lithoclasts with
circumgranular cracks. The lithoclasts are multigener-
ational showing successive reworking of lithified layers.
Small areas of haematite cement occur between the
grains. The upper subzone comprises concretionary,
iron-rich zones up to 1 m thick. Very dark, red to
black ferruginous glaebules occur which may amal-
gamate into a continuous ferricrete pavement. In thin
section, opaque iron oxide can be seen to cement
intergranular pore space, coating grains and infilling
fractures in grains and replacing the rock (Menzies
et al., 1991).

Large-scale cross-stratified sandstones (Sx)

The large-scale cross-bedded facies occurs only within
the Zijan Member and is commonly associated with the
very fine sandstone, siltstone and mudstone facies. The
facies is most common in the central region of the
outcrop (Figure C1.2). These sands are mainly light
brown, medium-grained, large-scale planar cross-bed-
ded sandstone in units which range from 3 to 15 m in
thickness (Plate 10(b)). Commonly, the unit is composed
of two or three sets, the boundaries of which are nearly
parallel and horizontal. This facies has distinctive large-
scale tabular cross-strata, typically dipping between 15°
and 25°. At one locality (location 5, Figure C1.2) there is
a compound set with superimposed (0.1 to 0.5 m thick)
cross-beds with foresets dipping at less than 15°. Simple
tabular sets consisting of foresets, up to 25 cm thick,
that are inclined to the west are common. Mudstone
intraclasts are abundant within the beds and are
concentrated at the tops of beds. Thalassinoides burrows
are found on some of the bed bases. Palacocurrent
directions measured at several exposures show a bimod-
al distribution with means to the north-west and to the
north-east.

Siltstone with very fine sandstone and mudstone facies (Z)
This facies always occurs in association with sandstone
facies Sy (above) where it forms units up to 20 m thick,
and is particularly well developed in the eastern sections
of the Zijan Member (Figures C1.2, C1.3). The facies
occurs only rarely in the Kura’ and Lahima Members. It
is characterized by mudstones and siltstones interbedded
with  fine-grained ferruginous sandstone (Figure
Cl.5(a)). The beds are 20-60 cm thick with common
horizontal lamination and minor ripple cross-lamina-
tion (mean palaeocurrent to 020°). Colours vary from
yellowish-grey to light-grey to a dark-brown and pink
colour for the iron-rich beds. The base of many beds
have 3 cm diameter branching and anastomosing bur-
rows. At location 8 (Figure C1.3) at the base of the Zijan
Member a thin, dark-grey calcareous mudstone contains
a marine microfauna dominated by foraminifera (EI-
Nakhal, 1988; Al-Subbary, 1995).



128 Pre-rift doming, peneplanation or subsidence

Figure C1.5  Log of ferricrete paleosols from the Kura, Wadi Kura (locality 10, Figure C1.2).
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Plate 1 Bathymetry and topography of the Red Sea arca, displayed with the use of GMT software (Wessel and Smith, 1991). Data
compiled from several detailed local surveys (same sources as gravity data, see text) and ETOP-05-grid (National Geographic Data Center,
Boulder, Colorado). The maximum elevation in the Ethiopian and Yemen highlands and the maximum water depths in the Red Sea axial
areas exceed the maximum values of the scale.
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Plate 2 Bouguer gravity map of the Red Sea region, redrawn after Makris et al., 1991b. Observed and digitized data points shown in red
colour in the legend, uniformally reduced to 0 m with 2.67 g/cm3. Maximum values of >100 mGal occur in the axial region of the Red Sea,
minima exceeding -200 mGal are found on the Ethiopian and Yemen plateaus. Note the relative negative anomalies on the flanks of the
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with old north-south striking continental lineaments in Sudan and Egypt (Baraka and Onib Hamisana Suture Zones).
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Plate 3 Total intensity residual magnetic map of the central and southern Red Sea and adjacent coastal regions. Observed and digitized
data points shown in red colour in the legend, uniformally reduced to 0 m. Data sources are Allan, 1970; Laughton et al., 1970; Hall, 1970,
1979; Hall ez al., 1977; Girdler and Styles, 1974; Roeser, 1975; Izzeldin, 1982; and MOMR, 1990. Strong dipolar linear magnetic
anomalies correlate with the sea-floor spreading zone of the axial graben of the Red Sea. Note the longer wavelength — lower amplitude
north-west—south-east striking anomalies onshore Yemen, on both flanks of the southern Red Sea and on the eastern flank of the central
Red Sea. Further discussion in the text.
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Plate 6 Thematic Mapper image of the Ahl Medo’~Ahl Miskat area in northern Somalia. Processing: 741 (RGB) colour composite. Note
examples of multispectral signatures of specific lithological units (r, ¢). r: red response of limestones with lichen coating; c: cyan (blue)
response of overall evaporitic deposits (dolostones and gypsum). 1-6: location of the photostratigraphic logs of Plate 7.

Plate 7 Details of Thematic Mapper 541 (RGB) band composite
of (a) Ahl Medo’ (northern Somalia) and (b) Sayut (southern
Yemen) areas. Note the similarity in multispectral responses of the
pre-rift Cretaceous (Cr) and Paleoccne-Eocene (P) strata. The cyan
facies on top of the Sayut section (c) is strikingly similar to the
evaporitic facies exposed in the Ahl Miskat area (c in Plate 6 (a)).
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Plate 9 A. General view of Tawilah Group, Jabal Assim (section 10) indicating conformable boundaries between Ghiras (G) and Medz-
zit (MZ) and Yemen Volcanic Group. (YVG). B. Conglomeratic channel fill facies Jabal Al Ulaya (section 4) C. Planar-tabular ¢ross-
bedded sandstone facies, Ghulat Asim (section 11).



Laminated sandstones (S;)

This facies is confined to the Lahima Member of western
Yemen where it is most abundant in the lower levels of
this unit (Figure C1.2) forming sections up to 10 m in
thickness. It comprises fining-upward cycles with each
cycle starting with a lower erosion surface overlain by
tabular to lenticular sandstone units from 2.5 to 7.0 m
thick. The sandstones are moderately well-sorted quartz
arenite weathering from a white and pale-yellow colour
to a distinctive dark brown. In some localities (locations
9, 10 and 11, Figure C1.2) the sandstones are thin (0.3 to
1 m), have a sheet-like geometry, and have sharp but
irregular lower and upper contacts. The sandstones
commonly show horizontal lamination, ripple cross-
lamination, and medium-scale sets of tabular cross-
bedding. Fine-grained sandstones pass gradationally
upwards into maroon to grey siltstone, forming laterally
impersistent beds up‘to 50 cm thick. These are charac-
terized by flaser and lenticular bedding and are
interbedded with mudstone. These rocks are locally
extremely fossiliferous and assemblages comprise small,
well-sorted and preserved gastropod shells (Plate 10(d))
which are particularly well developed in sections 2, 10
and 16 (Figure Cl1.2). The gastropod-rich beds are
frequently silicified into beds or nodules of chert.

The gastropods are of two genera. The smaller
specimens are Tarebia (Thiarinae) which ranges from
the Paleocene to Recent. The larger specimens (Plate
10(d)) are identified as Coptostylus (Thiarinae) which
ranges from the Paleocene to late Oligocene (personal
communication, P. Nuttall, 1992, and P. Jeftrey, 1992;
Natural History Museum London).

Mudstone (M)

This facies is interbedded with the fluvio-lacustrine
sandstones (above) and also confined to the Lahima
Member (Figure C1.2). The rocks consist of very dark
grey to black, laminated claystone, carbonate rich
mudstone, muddy limestone (Figure Cl.4(a)) and a
single 0.3 m thick laminated, black shaly limestone
horizon which is recognized at the top of the Lahima
Member. Beds are thin and sometimes exhibit small
desiccation cracks. Siltstones and fine-grained sand-
stones are rare. Black laminated mudstones locally
contain abundant ostracods, bivalves and sparse la-
custrine gastropods. At sections 2, 10 and 16 (Figure
C1.2) the siltstone, shale and limestone interbedded with
fine sandstone contain abundant fresh-water bivalves
and well-preserved small gastropods. The siltstone,
which is parallel laminated and lenticular bedded, is
sometimes ferruginous and contains concentrations of
fine plant fragments and ripple lamination.
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Limestones (L)

Thinly bedded, lenticular dark coloured micritic (Figure
C1.4(b)) and sparry limestones are present only at the
top of profiles in the south and west, sections 2, 15 and
16 (Figure C1.2). They are well-laminated and organic
rich, containing a variety of bioclasts; molluscs (Figure
C1.6(c)), ostracods and Microcodium fragments (Figure
Cl.4(d)) set in a micritic matrix or calcite spar cement.
Textures range from micrites to grainstones. The mic-
rites are finely laminated and carbonaceous and locally
contain pyrite. The beds occur immediately below, and
are conformable with the first flow of the Yemen
Volcanic Group at each of the sections (Figure C1.2).

Depositional environments of the Medj-zir Formation

Fluvial facies association

The trough cross-bedded sandstones (facies S;) and
planar-tabular cross-bedded sandstones (facies S;) are
associated in units ranging from 5 to 12 m. These units
have a sharp erosional base and fine upwards and the
size of cross-sets also diminishes upwards. The uncom-
mon conglomerate lithofacies (G) occurs sporadically at
the bases of these fining-up units. A sandy to gravelly
braided stream setting is the probable environment of
deposition for this association of lithofacies (cf. Cant
and Walker, 1978; Allen, 1983; Miall, 1988; Rust and
Gibling, 1990; Godin, 1991). The well-developed con-
cretionary ironstones (facies Sg.) in the Kura’ Member
are consistent with pedogenic ferricretes (Fe-rich lat-
erites) formed within fluvial channel and overbank facies
(cf. Allen, 1965; Rust, 1978; Bown and Kraus, 1981;
Wright, 1994). Complete channel-fill successions are
overprinted by ferruginous paleosols in several sections
(5 and 10) while a finer-grained sandstone facies acted as

the host for pedogenic processes in other places (sections
6 and 9).

Shallow marine facies association

Marine fossils (foraminifera) are uncommon, occurring
only at a few localities in the Zijan Member of the Medj-
zir Formation (Al Subbary et al., 1993; Al Subbary,
1995). However, shallow marine depositional facies are
more widespread. The large-scale cross-stratified sand-
stones (facies S,) occur interbedded with siltstones
(facies Z), both of which contain Thalassinoides trace
fossils which are common in shallow marine environ-
ments (Inden and Moore, 1983). Moreover, the large-
scale cross-beds occur in tabular sets which have non-
erosive bases and are not confined within channels. They
are interpreted as the deposits of shallow marine bars or
sand waves which may have been driven by tidal
currents (Stride, 1970; Anderton, 1976; Nio, 1976).
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Lacustrine facies association

Horizontal and cross-laminated sandstones and silt-
stones (facies S;) and the interbedded dark mudstones
(facies M) occur primarily in the Lahima Member.
Scours representing localized channels occur locally but
in general these two facies are thin to medium bedded
with ripples structures. Rare, thin-bedded limestones
(facies L) occur towards the top of certain sections.
Bioturbation is common, as is a shelly fauna dominated
by gastropods. Tarebia and Coptostylus are well known
in the European Tertiary where they are typically
associated with mixed assemblages of brackish-water
molluscs indicating tolerance of a wide range of salin-
ities. Such deposits are invariably shallow water, with
lagoonal and fluvial environments indicated. Fresh-
water environments are confirmed by the Microcodium.

DISCUSSION

This work represents the first analysis of facies and
palaeoenvironment for the upper part of the Tawilah
Group. Whereas these sediments had previously been
regarded as a sequence of sands of fluviatile and shallow
marine origin, there is clearly a wide range of siliciclas-
tic, carbonate, ferruginous and siliceous lithologies
within the Medj-zir Formation. Many of these facies
are unusual, as are their associations, and these sections
merit more detailed study. For the purposes of this
contribution the lithostratigraphic, facies and palaeo-
environmental classification presented above forms the
database for the following discussion of the palaeo-
environmental and tectono-sedimentary evolution of the
pre-rift stage of the south-eastern Red Sea.

1. Revised, lithostratigraphy, chronology
and regional correlation

The lithological diversity of the upper part of the
Tawilah Group, the Medj-zir Formation, and its subdi-
vision into three lithologically distinct members in
western Yemen has not been previously recognized.
The fact that these members can be recognized at most
locations allows correlation to be made on the basis of
lithofacies characteristics. Correlation throughout west-
ern Yemen as depicted in Figure C1.2 provides a useful
tool for subsequent stratigraphic and palaecoenviron-
mental analysis. The Tawilah Group is also recognized
as a major stratigraphic unit of continental and shallow
marine sands which extends across eastern Yemen (Al
Subbary et al., 1993; Watchorn et al., this volume) and
northwards into southern Saudi Arabia as the Tawilah
Formation (Blank et al., 1986) and also as a time-
equivalent to much of the Cretaceous Nubian sand-
stones of Ethiopia, Sudan and Egypt (Al Subbary, 1995).

The basal part of the Medj-zir Formation has been
shown previously to be of Paleocene to Eocene age on
the basis of its marine microfauna (Geukins, 1960, 1966,
El Nakhal, 1988; Al Subbary et al., 1993). The age
ranges of the gastropods found within the Lahima
Member of the Medj-zir Formation are consistent with
these previous dates, but do not provide any further
constraints. Tarebia has a range from Paleocene to
Recent and, more significantly, Coptostylus ranges from
the Paleocene to the late Oligocene (P. Nuttall, British
Museum Natural History, personal communication,
1990). The only other chronological data in this section
come from the lava flows lying on top of the Medj-zir
with a date of 30-32 Ma or late Oligocene. The
conformable nature of the boundary between the
Medj-zir and the Yemen Volcanic Group suggests that
the topmost Medj-zir Formation deposits may be as
young as mid-Oligocene. However, if rates of deposition
were extremely slow the Lahima Member could be as
old as Paleocene.

2. Evolution of pre-rift environments

The timing of rifting in the southern Red Sea basin
cannot be closely constrained because of the absence of
outcrops of syn-rift strata and the lack of well penetra-
tion or published data on this interval in offshore areas.
However, available data suggest the onset of rifting
started at around 26-24 Ma some 5-6 m.y. after the
Medj-zir to Yemen Volcanic boundary (see Introduction
above). Therefore the sedimentary rocks of the upper
part of the Tawilah Group and the majority of the
Yemen Volcanics can be regarded as pre-rift, and the
former gives valuable data on the evolving pa-
lacogeography prior to volcanism and subsequent rifting
of this margin. The contemporaneity of the basal
volcanic flows and the fact that the preceding strati-
graphic boundaries are broadly parallel to this surface
are the best evidence available that the members were
deposited at different time intervals and that they are
not diachronous (except for the base of the Zijan
Formation, see below). Therefore the evolution of this
area can be discussed with respect to the three members
of the Medj-zir Formation.

Zijan Member

The sandstones, siltstones and mudstones of the Zijan
Member formed in a complex of fluvial and shallow
marine environments. In the western and south-western
sections (localities 1, 2, 3 and 17, Figure C1.6) the Zijan
Member is absent. In the central part of the main east—
west transect (localities 4, 5 and 6) the lower part of this
unit is fluvial, passing east (section 8) into a mixture of
fluvial and shallow marine sandy facies (Plate 10). In all
these sections the upper part of the Zijan Member
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Figure C1.6  Simplified logs (from Figure C1.2) illustrating main depositional environments and thickness changes in the Medj-zir Formation,

western Yemen. (For locations see Figure C1.2.)

comprises large-scale cross-bedded sandstones deposited
in a shallow marine environment as sandy bars. In
eastern and south-eastern exposures (10 to 14) the Zijan
Member is wholly marine consisting of a mixture of
bioturbated fine sandstones and sandy bar deposits
(Figure C1.6).

These relationships are consistent with the west to
east palaeoflow in fluvial deposits of the underlying
Ghiras Formation (Al Subbary et al., 1993) and the
associated fluvial sediments in the Medj-zir Formation
(Figure C1.3). Facies distributions and palaeocurrents
therefore indicate a transition from fluvial conditions in
the west to a shallow marine environment in the east
(Figure C1.7(a)). The absence of the Zijan Member in
the west is attributed to the diachronous boundary
between the wholly continental sandstones of the Ghiras
Formation and the mixed fluvial and marine facies of
the Medj-zir Formation. The base of the Medj-zir
Formation is defined by the lowest appearance of
bioturbated sandstones indicating marine or paralic
conditions: in a transgressive succession this boundary
would be diachronous. Time-equivalent beds of the
Zijan Member are likely to be fluvial deposits at the top
of the Ghiras Formation.

Kura’ Member

The sandstones and mudstones of the Kura’ Member
were largely deposited in fluvial channel and overbank
environments. Extensive ferruginous paleosols formed

within these deposits to create a unit of superimposed
ferricrete horizons. The thickness of the Kura’ Member
is relatively constant at around 20 m thick, but varying
between 10 and 30 m (Figure C1.6). Thick, well-devel-
oped ferricrete paleosols develop under conditions of
slow sedimentation and slow subsidence. The area must
have had very low relief and been very stable for the
long periods of time required (up to a million years; cf.
estimates in Wright, 1994; Kraus and Bown, 1986) for
the formation of mature laterites. Humid and organic-
rich conditions are required for ferricrete formation
because of the requirement of varying Fh/Ph levels for
iron mobilization (Bown and Kraus, 1981). During the
Eocene Yemen lay more or less on the equator and it is
likely that humid equatorial conditions prevailed. The
well-developed ferricretes in the Kura’ Member indicate
that this was a period of very slow to negligible
aggradation and negligible subsidence or uplift.

The fluvial deposits and paleosols represent a return
to fluvial conditions throughout the area. This may have
been due to either progradation of the alluvial plain or a
relative fall in base level of a few tens of metres: the
absence of erosion at the base of the Kura® Member
indicates that the magnitude of relative base level fall
could not have been of any greater magnitude.

Lahima Member
The Lahima Member lies conformably on the paleosols
of the Kura’ Member and is conformably overlain by
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Figure C1.7 Palaeogeographic maps of western Yemen for (a) the
Zijan Member, and (b) the Lahima Member of the Medj-zir Forma-
tion.

volcanics of the Jihanah Member. Thickness of the
Lahima Member varies little across the area being
around 20 m in most localities: it is only 7 m thick in

section 17 and just over 30 m thick at localities 2 and 11
(Figure C1.2). It is apparently absent in the most south-
westerly section (16).

Lacustrine mudstones and sandstones occur in dis-
continuous layers and lenses. Lenses of limestone occur
locally and only at the top of the Lahima Member.
There are no consistent trends in the distribution of
facies in the member. Lateral facies changes are
commonly recorded in shallow lacustrine depositional
environments. A broad, low relief area with localized
lacustrine sub-environments is envisaged. The south-
western part of the area may have been a region of
nondeposition or of slow sedimentation in deposits
amalgamated with the underlying Kura’ Formation.
Palacogeographically, the area preserved the low relief
indicated by the ferricretes of the Kura’ Member but in
addition there were a number of apparently isolated
lakes and/or brackish lagoons in the area (Figure
C1.7(b)). This indicates a rise in the water-table and
base level compared to the conditions of formation of
the ferricretes when there was essentially no deposition.

To summarize, the pre-rift environments evolve from
sand-dominated fluvial and shallow marine deposits of
the Zijan Member to fluvial sand with ferricrete paleo-
sols of the Kura’ Member to fluvio-lacustrine sediments
of the Lahima Member. Facies and facies association
boundaries trend north-north-east—south-south-west
(Figure C1.7) through the central and southern sections
but the area just to the north remains positive and no
sediments of the Medj-zir have been recognized here.
The absence of intermediate outcrops makes it impos-
sible to determine if previous sediments were eroded or
whether sediments never accumulated in this area.

Correlation with eastern Yemen

In time-equivalent strata in eastern Yemen there is
accumulation of a much thicker and more marine-
dominated succession with the Paleocene to early
Eocene marine carbonate shelf Umm ar Radhumah
Formation and marginal marine—evaporitic Jeza and
Rus Formations. These are followed in the middle
Eocene by the Habshiya Formation which shows east to
west facies changes (As Saruri, 1995) from open marine
carbonates in eastern Yemen to terrestrial facies (in-
cluding ferricrete paleosols) in the Mayfa’ah Member in
the Balhaf graben. There is a large (c. 200 km) gap in
exposure between the Paleogene exposures of western
Yemen and those of the Balhaf area (Figure C1.1) but
there are two indications in the western Yemen sections
described in this chapter (Figure C1.6) of a marine
depocentre to the east of the country. Firstly, the
shallow marine facies association in the Medj-zir For-
mation is only well developed in the eastern part of the
present study area. Secondly, all palacocurrent data in



fluvially deposited strata indicate an easterly palaeo-
slope. A palaeogeography for the Paleogene is presented
in Figure C1.8 indicating the fluvial to marginal marine
facies associations of the Medj-zir in the east, and the
marginal marine and carbonate shelf deposits of eastern
Yemen were separated by a large island of Precambrian
rocks including the A1 Bayda complex (Figure C1.1).

Tectono-sedimentary evolution

In western Yemen the evolving low relief and easterly
sloping fluvial plains and lacustrine areas gave way
between 32 and 30 Ma (Baker et al., 1996) to basaltic
volcanism which continued until about 26 Ma. The
constancy of fluvial palaeocurrents through the three
members and the stable position of the eastern depo-
centre both indicate an absence of any change in
depositional topography prior to volcanism. The only
evidence for possible regional uplift within the Medj-zir
is at the base where the Zijan Member thins out towards
the west. Note this does not occur at the top of the
Medj-zir and prior to the volcanics. There is no
indication of widespread erosion within this western
stratigraphy.

We therefore agree with Bohannon ez al. (1989) that
there is no evidence of 1-2 km doming and uplift which
are predicted in the plume-related rifting model of White
and McKenzie (1989) as there are no forced regressions,
no widespread or local erosion surfaces and no fluvial
incision prior to volcanism. The only evidence for
changes in palaeotopography come from the fluvio-
lacustrine sediments overlying laterites which suggests a
base-level rise and not fall as would result from uplift.

Conclusions 133

This area of Yemen in the Paleogene was part of a very
broad alluvial to coastal plain with a source area in
central Africa. The plain stretched out to the Tethyan
margins of north Africa, southern Arabia and the Horn
of Africa and shows no palaeotopographic effects
around the centre of the plume in the southern Red
Sea area. Rifting and extension are considered to have
started at 21-24 Ma (Davison et al., this volume;
Menzies et al., 1995). These dates for the onset of
extension tie in well with the recent biostratigraphic
work of Hughes et al. (1991) and Toleikis (1995) and
Schroeder ez al. (this volume) which indicate that marine
environments of the early Red Sea were present in
central and western areas (Sudan) at around 25 Ma.
Surprisingly this marine deposition was taking place
synchronously and within 200-300 km of the volcanism
in western Yemen. The same relationship is seen to the
east in Yemen where small normal marine syn-rift
carbonate platforms were also forming at this time
(Bosence et al., 1996).

The fact that the shallow marine sandstones of the
Zijan Member now occur at altitudes of around 2 km
and that there is no pre-rift uplift indicates that this
2 km uplift must have occurred either during or after
volcanism within the area and not prior to volcanism as
has been previously suggested.

CONCLUSIONS

The Medj-zir Formation consists of siliciclastic, ferrugi-
nous and subordinate carbonate facies which indicate
deposition in fluvial, shallow marine and lacustrine-
lagoonal environments. The facies and facies transitions

Figure C1.8  Palaeogeography of southern Arabia during the Paleogene (modified from Bott, 1992).
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indicate deposition in a coastal plain to shallow marine
shelf setting which was subjected to minor fluctuations
in sea level.

There are no angular unconformities or erosional
hiatuses within the Medj-zir Formation anywhere in
western Yemen. Depositional hiatuses of unknown
duration are represented by well-developed ferricrete
paleosols indicating long periods of tectonic stability.
The contact with the overlying volcanics is conformable
in all sections examined.

The evidence from the sedimentology and strati-
graphic relationships in the Medj-zir Formation shows
that the Paleocene to Oligocene period prior to vol-
canism and rifting in the southern Red Sea the region
was tectonically stable. There is no evidence for doming,
peneplanation or significant subsidence in the pre-rift
stratigraphy.



Chapter C2

Sedimentary evolution of early rift troughs
of the central Red Sea margin, Jeddah,
Saudi Arabia

M. A. Abou Ouf and A. M. Gheith

ABSTRACT

Field work, sedimentological investigations and bio-
stratigraphical data from the Jeddah area provides new
information on the Tertiary depositional history of the
Red Sea in the central coastal area of western Saudi
Arabia.

Sedimentary rocks outcropping in the coastal plain
around Jeddah are subdivided into two major units
which both unconformably overlie the Precambrian
crystalline basement: the Usfan Formation probably of
late Cretaceous to Eocene age and the Shumaysi
Formation of late Oligocene to early Miocene.

The pre-rift Usfan Formation outcrops in the Had-
dat Ash Sham area north-east of Jeddah and the
Shumaysi Formation overlies the granodioritic base-
ment rocks in Wadi Shumaysi, east of Jeddah. The
Usfan is represented by a succession of fluviatile
sandstones and siltstones (Nubian type), which pass
upward into littoral marine facies (phosphatic and
carbonate lithologies), and supratidal facies (dolomitic
marl and shales with gypsum) indicating shoreline
sedimentation. These are followed by a thick red-bed
sequence of fluvial sands and conglomerates of the
lower Shumaysi Formation.

The presumed syn-rift Shumaysi Formation in Wadi
Shumaysi is divided into three units. The lower is a
section of fluviatile sandstones and conglomerates. The
middle beds are fluvio-lacustrine silts and shales with
two oolitic ironstone deposits. The upper unit comprises
shales, siltstones, sandstone tuffs and freshwater—marine
cherty limestones. Igneous activity contributes a lava at
the top of the upper Shumaysi and tuffs to the basin-fill.

These two sequences occur in separate troughs in the
Jeddah region and their stratigraphic range from the late
Cretaceous—-Eocene through to the early Miocene and
provides information about the early rifting history of
the central Red Sea coastal margin. They represent some
of the earliest rift sediments of the Red Sea basin.

INTRODUCTION

Field and laboratory studies carried out on the sedi-
mentary sequences outcropping in the coastal plain near
Jeddah provide data on the early sedimentary environ-
ments of the central Red Sea and constrain the timing of
the early stages of rifting within the basin. Beydoun
(1988) records that there are no widespread late Eocene
sediments bordering the Red Sea and Gulf of Aden. He
considered that they were either not deposited or were
removed by erosion because Arabia was emergent
except for a narrowing seaway between the Mediterra-
nean and the Indian Ocean along the area of north
Syria, north Iraq and parts of south-west Iran to
western Oman.

The Cenozoic sediments of the Jeddah region,
although still not well dated, are likely to preserve the
earliest stages of the structural evolution and sedimen-
tation in the Red Sea rift system. The Paleogene
sediments of the Jeddah region either rest unconform-
ably on, or are faulted against the Precambrian base-
ment. Unfortunately fossils are rare in these largely
continental facies and many of the sections await precise
biostratigraphic and/or isotopic dating. The outcrops
described in this chapter come from two isolated troughs
(Figure C2.1): the Sugah trough to the north-east of

Sedimentation and Tectonics of Rift Basins: Red Sea—Gulf of Aden. Edited by B.H. Purser and D.W.J. Bosence. Published in 1998 by Chapman &

Hall, London. ISBN 0412 73490 7.
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Jeddah and the Shumaysi trough to the east of Jeddah
(Moore and Al-Rehaili, 1989). Both troughs contain
north-east to north-north-east dipping strata and are
parallel to the present-day Red Sea rift escarpment and
coast.

Spencer (1987) divides these Paleogene sections into
two formations: the lower Shumaysi (which he further
divides into three members, Khusluf, Mataah and
Haddat ash Asham) and the upper Khulays Formation
of Oligocene—Miocene age. He did not recognize the
Usfan Formation as a distinct unit but considers that it
is probably a lateral equivalent of the Shumaysi
Formation (Spencer, 1987, p. 8).

Moore and Al-Rehaili (1989) in their mapping of the
Makkah quadrangle recognize three formations: the
Hadat ash Sham, the Usfan and the Shumaysi which
they regard as partial time-equivalents spanning the
Paleocene to early Eocene.

Earlier work in the Jeddah region by Brown et al.
(1962), Al Shanti (1966), Yamani (1968), Moltzer and
Binda (1981) and Basahel er al. (1982), does not add
significantly to the discussion concerning the broad
stratigraphic setting of these deposits.

Our field investigations suggest that the traditional
(i.e. Karpoff 1957a,b) subdivision of these sections is
more practicable than the later revisions and we
recognize the earlier Usfan Formation of Karpoff which
occurs only in the Suqah trough (Figure C2.1) and the
later Shumaysi Formation which outcrops in Wadi
Shumaysi as well as the Suqah trough (Figure C2.1).
This is informally subdivided here into the lower, middle
and upper units. The stratigraphic relations between
these two formations are seen in Wadi Ash Sham in the
Sugah trough where lower Shumaysi lithologies are seen
to rest with no angular discordance on top of the Usfan
Formation (Plate 11A).

The Usfan Formation was considered by Karpoff
(1957a) to be of late Maastrichtian to Eocene age on the
basis of molluscs and shark teeth within a limestone unit
towards the top of the formation. A glauconitic bed
immediately underlying the limestone was dated by
Brown (1970) using K-Ar dating as 43-55 Ma but he
considered there may have been some argon loss from
the sample and that it might be older. Basahel et al.
(1982) considered that the lower portions of the Usfan,
and in particular a phosphatic bed contained Maast-
richtian nautiloids and baluchicardid molluscs. A broad
stratigraphic range from the Maastrichtian to the early
Eocene has been suggested by the most recent work on
the Usfan by Hughes and Filatoff (1995).

The Shumaysi Formation was believed by Karpoff
(1957a) to be of Oligocene—Miocene age. Brown ef al.
(1962) gave an Eocene age. Micropalaeontological work
by Moltzer and Binda (1981) assigned the middle
Shumaysi Formation to the early Eocene (Cuisian).

Dating (K-Ar) of the lava flow capping the Shumaysi
Formation to the east of Jeddah by Brown (1970) gave
ages of 32 £ 2 and 25 £ 3 Ma indicating a late
Oligocene—Miocene age. The Shumaysi Formation is
not recognized in the recent work by Hughes and
Filatoff (1995).

The principal aim of this chapter is to present
stratigraphic logs of these two formations for the first
time and to discuss their environments of deposition,
which, on the basis of their Paleogene ages, span the
early stages of rifting of the central Red Sea.

GEOLOGICAL SETTING OF THE USFAN
AND SHUMAYSI FORMATIONS

The geology of the Jeddah area is strongly controlled by
extensional faulting parallel to the Red Sea which forms
a number of north-north-west—south-south-east fault
blocks and half-graben basins or troughs filled with
Tertiary sediments. Local faulting and fracturing has
taken place in both the crystalline basement and in the
Tertiary sedimentary rocks.

Rocks of the Usfan Formation occur in the north-
western end of the Sugah Trough near the village of
Usfan and in Wadi Ash Sham (Figure C2.1). The rocks
are either faulted against the Precambrian or rest
unconformably on the Precambrian (Karpoft, 1957b).
The beds either dip to the east at around 40°-50° in the
Usfan area or are dipping at 20°-30° (Plate 11(a)) to the
north and north-east; or are vertical to overturned in
Wadi Ash Sham (Plate 11(b)). The formation is uncon-
formably overlain by the subhorizontal late Miocene to
Pliocene basalts of the Hammah Formation (Moore and
Al-Rehaili, 1989) (Plate 11(b)). The Usfan Formation is
reported to be 215 m thick (Vail ef al. in Moore and Al-
Rehaili, 1989).

The Paleogene sedimentary rocks to the east of
Jeddah comprise the Shumaysi Formation (Karpoff,
1957a). Outcrops tend to be in isolated low hills
surrounded by rocky desert or wadi sands and gravels.
Good outcrops occur in Wadi Fatima and its tributary
Wadi Shumaysi (Figure C2.1, Plate 12). The total
thickness of the Shumaysi is given by Al Shanti (1966)
as ranging between 80 and 200 m. Moore and Al-
Rehaili (1989) give thicknesses of 74 to 183 m. The
Shumaysi Formation unconformably overlies the Pre-
cambrian crystalline rocks which are strongly weath-
ered, and is conformably overlain by a basalt flow. In
general, the strata dip north-easterly at between 15° and
30° which probably relates to an unmapped basinward
dipping fault on the eastern margin of the Shumaysi
Trough. Wadi Shumaysi is believed to be formed along
a north-western regional fault parallel to the Red Sea
(Al Shanti, 1966).
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Figure C2.1 Maps of Jeddah area indicating: (a) location of study area, (b) geology of Usfan, Hadat Ash Sham area, and (c) Wadi Shumaysi (after
Moore and Al-Rehaili, 1989).
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Figure C2.2 Logged sections and sample positions from Usfan Formation (Hadat Ash Sham, illustrated in Plate 11(a)) and lower, middle and
upper Shumaysi Formation from Wadi Shumaysi (Plate 12(a)~(c)). First occurrence of marine fossils marked with asterisk.



METHODS

The study area lies on the western coast of Saudi Arabia
and includes Wadi Shumaysi between Jeddah and
Makka and the Haddat Ash Sham area north-east of
Jeddah (Figure C2.1). Field work involved logging and
description of sections and collection of samples (Figure
C2.2).

Laboratory study included textural and mineralogical
analysis of sedimentary rocks. Mechanical analysis of
the sediments was carried out using methods of Folk
(1968) and Folk and Ward (1957). Clay minerals were
identified by X-ray diffraction and oriented slides were
prepared by the sedimentation technique described by
Carver (1971). The reflections used for identification of
the different clay mineral groups and their occurrence in
samples from the Shumaysi Formation are given in
Table C2.1. Peak area ratios were used for a semiquan-
titative estimate of the amount of a mineral present.

Heavy minerals were separated, identified and count-
ed and these data, together with percentage opaques are
given in Figure C2.3.

Table C2.1 Clay mineral analyses from the Shumaysi Formation.
(a) Reflections used for identification of clay minerals

Clay mineral group Untreated Glycolated ~ Heated (550°)
(001) 20°  d(A) 20° d(A) 20° d(A)
Montmorillonite 64 138 53 16.7 8.8 10.04
[llite 8.2 10.8 82 108 8.6 10.20
Kaolinite 120 737 120 7.37 - -

(b) Percentages of clay minerals from shales of the middle unit of the
Shumaysi Formation. For location see Figure C2.2

S. No. Kaolinite % Illite %
41 100 -
42 100 -
43 100 -
44 100 -
45 100 —
46 33 67
47 12 88

(c) Percentages of clay minerals from shales of the upper unit of the
Shumaysi Formation. For location of samples see Figure C2.2

S. No. Kaolinite % Montmorillonite
48 25 75

49 100 -

50 100 -

51 100 -

52 100 -

53 54 46
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THE USFAN FORMATION

Rocks from part of the Usfan Formation have been
logged at Haddat Ash Sham (Plate 11 (a), Figure C2.2).
The lower beds are formed of reddish-brown, thinly
laminated, fine-grained sandstones of ‘Nubian’ type.
Sandstone beds are locally rippled. Investigation of the
heavy mineral suite in six sandstone samples indicates a
dominance of opaques (average 78%), rutile (average
29%) and tourmaline (average 25%). Minor amounts of
staurolite, hornblende, augite, epidote and zircon are
also present. A 0.5 m thick, brownish to greenish
coloured arenaceous phosphatic and glauconitic bed is
found in the upper part of the section. This horizon was
dated using K-Ar by Moore and Al-Rehaili (1989) as
55.2 + 1 Ma and 42.8 = 1 Ma (early to mid Eocene).

This is overlain by a widespread unit of limestone
which has been examined at two localities: in the
Haddat Ash Sham area it is a gently dipping (Plate
11a) bed about 1.5 m thick and the other is at Usfan
where it stands as a vertical wall and is 4.5 m thick. The
0.1 to 1.5 m beds of limestone are dominantly bioclastic

Figure C2.3  Occurrence of heavy minerals in very fine sand fraction
of lower unit of the Shumaysi Formation.
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with abundant casts, moulds and shell fragments of
bivalves (Cardita) and gastropods. Thin-section study
indicates bioclastic wackestones, packstones and some
molluscan rudstones.

The limestone is overlain by a 0.5 m thick bed of hard
dolomitic marl with a rippled upper surface. A 5 m thick
succession of green-brown limonitic shale with thin veins
of gypsum (Plate 11(b)) caps the Usfan succession at
Wadi Ash Sham. An erosive contact is followed by a very
thick (several hundred metres) layer of red beds which
are unconformably overlain by basalts of the Hammah
Formation (Plate 11(a)). These red beds are very similar
to, and are considered to be part of, the lower Shumaysi
Formation (see below) but await further study.

The lower part of the Usfan Formation with
unfossiliferous, iron-oxide-rich sandstones and siltstones
is considered to have been formed in a low to moderate
energy fluviatile environment. The heavy mineral suite
indicates derivation from a metamorphic source area
such as the surrounding areas of Precambrian meta-
morphic basement. The dominance of tourmaline and
rutile suggest mineralogical maturity. The overlying
succession of a phosphatic and glauconitic bed, lime-
stone, dolomite marl, and shales and gypsum indicate an
initial transgression with starved sedimentation followed
by moderately agitated fully marine conditions for
deposition of the limestones. This is followed by a
regression as the marine fauna disappears and restricted
dolomitic marls and gypsiferous shales are deposited.

THE SHUMAYSI FORMATION

On the basis of our logging and subsequent analysis of
the Shumaysi Formation in the Wadi Shumaysi area we
have subdivided the formation into the lower, middle
and upper informal lithostratigraphic units.

Lower Shumaysi Formation

The lower Shumaysi unconformably overlies the Pre-
cambrian basement in Wadi Shumaysi (Figure C2.1)
and has a considerable lateral variation in thickness and
lithology of individuals units. The basal part of the
lower Shumaysi Formation consists predominantly of
reddish to brownish beds of conglomeratic sandstones
alternating with fine-grained sandstone units (Plate
12(a)). Gravel content of these sediments is up to a
maximum of 53%, while mud content does not exceed
26%. Finer-grained pink to violet coloured silts and
sands also occur in the lower Shumaysi Formation.
The lower Shumaysi Formation exhibits many sed-
imentary structures including planar bedding, graded
bedding, cross-bedding (Plate 12(b), ripple cross-lami-
nation, convolute lamination, lenticular and wavy bed-

ded sands and muds, and trace fossils. Graded bedding
and fining-upward units are the most common features
present (Figure C2.2). Sequences start with thick beds of
medium- to coarse-grained pebbly sandstones. The
pebbles comprise rounded ironstone, siltstone and fine
orthoquartzite sandstone clasts and quartz pebbles. The
sands are poorly sorted. Overlying the pebble sands are
finer-grained sandstone beds as the sequence fines
upward.

Fine-grained sandstone and siltstone units with
abundant ripple-drift cross-lamination occur and the
sands are well sorted. Trace fossils are common on the
bases of beds and bioturbation may destroy lamination
in the fine-grained units. Deformed bedding such as
convolute and slump structures are also present. The
upper parts of this unit contain fine-grained sandstone
and siltstone with lenticular, wavy and flaser-bedded
intervals.

The fine sandstones from the lower Shumaysi are
characterized by a heavy mineral suite of ultrastable
minerals (Figure C2.3): opaques, zircon (euhedral,
prismatic, bipyramidal), rutile (yellow to red, prismatic,
bipyramidal), hornblende (dark-green, elongate, pris-
matic). Augite, epidote, tourmaline and chlorite are
present in small amounts.

The coarse grain-size of these sediments and their
deposition as conglomerate-lined channel fills and len-
ticular and fining-upward conglomerate to sandstone
sequences, lacking marine fossils, all indicate deposition
within a fluvial system. The absence of significant
overbank deposits and the abundance of channel fills
and lenticular bedding units indicate a braided fluvial
system (Allen, 1965). The planar cross-bedded sand-
stones are attributed to high stage deposition within
transverse channel bars while the small-scale cross-
bedded finer sands may have formed within the falling
stage. The plane-bedded fine sandstone and interlam-
inated lithologies are attributed to sedimentation in a
late state, and falling or low waters over the channel
bars (Coleman, 1969). The liquefaction may have been
induced by fluidization of grains following emergence
and reflooding (Reineck and Singh, 1975). The miner-
alogically mature heavy mineral suite indicates a long
period of weathering and transport, from a deeply
weathered acid to intermediate igneous source area,
prior to deposition of these sands.

Middle Shumaysi Formation

This unit is distinguished by two oolitic ironstone beds
separated by alternating shales and fine-grained sand-
stone (Figure C2.1(b)). The unit varies in thickness from
8 m to 15 m. Beds of siltstone, shale and occasional fine-
grained sandstone occur with a number of biogenic
sedimentary structures; trace fossils are very common, as



are silicified wood, leaves and plant rootlets and verte-
brate tracks. The only body fossils detected by the authors
are some bivalve moulds, and teeth of fish and reptiles.

The two distinctive oolitic ironstones are separated
by a fining upward sandstone unit. The ironstones are
predominantly goethite with minor amounts of
hydrohaematite and haematite with iron contents vary-
ing from 42 to 48% (Moore and Al-Rehaili, 1989). The
clay mineral analysis of seven fine fractions separated
from mudstone samples (Table C2.1) prove the domi-
nance of kaolinite, while illite is recorded in only two
samples near the top of the section.

The association of fine-grained sediments with these
preserved biotas indicates low-energy, freshwater envir-
onments in a humid setting. Fluviatile overbank and
lacustrine environments have been proposed by Moltzer
and Binda (1981) possibly similar to those around the
modern Lake Chad. The iron of the middle Shumaysi
Formation was probably derived from erosion of the
surrounding Precambrian basement by humid climate
weathering and transport in solution as bicarbonate and
subsequent precipitation in agitated waters as ooids. The
predominance of kaolinite indicates humid periods
which lead to intensive leaching and chemical weather-
ing (Singer, 1984). The occurrence of illite, with a sharp,
narrow peak, reflects a high degree of crystallinity and
an authigenic origin.

Upper Shumaysi Formation

This is the most lithologically varied sequence of the
Shumaysi Formation with shales, siltstones, sandstones,
tuffs, limestones and cherts recorded (Plate 12(c)(d),
Figure C2.2). Thickness varies between 51 m and 92 m
and the section in Wadi Shumaysi is capped by a
basaltic lava (Sita Formation) dated as 20.1 + 7 and
253 £ 3 Ma (Moore and Al-Rehaili, 1989). The
dominant facies include laminated shales, varicoloured
and enriched with volcanic tuffs (Plate 12(c)). Fossil-
iferous calcareous shales rich in molluscs and bivalves
occur with iron concretions and fissures filled with
authigenic silica. Siltstone and fine-grained sandstone
beds are also encountered. The sandstones are poorly
sorted quartz arenites with abundant chert nodules. The
uppermost beds are silicified limestones (Plate 12(d))
with an abundant marine to non-marine molluscan
fauna and freshwater algae (charophyte oogonia).
Identification of clay minerals from six clay fractions
shows a dominance of kaolinite in four samples while
montmorillonite is important from samples from the
base and the middle of the succession (Table C2.1).
The fauna was studied by Cox and by Sohl and
Taylor (in Al Shanti, 1966) from different areas and it
was concluded that ages were either Oligocene or early
Eocene respectively. We have carried out micropalae-
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ontological preparations from shales from the base of
this unit and found two planktonic foraminiferal fossils
(Globigerinoides spp.) which give a late Oligocene to
early Miocene age. Moltzer and Binda (1981) record
Ammobaculites from this unit, also indicating marine
conditions.

The presence of a marine fauna at the base passing
upwards to marine and non-marine molluscs and
charophyte algae at the top indicates deposition of the
upper Shumaysi Formation in shallow marine through
to freshwater environments.

The predominance of kaolinite in the Shumaysi clays
indicates a relatively warm and tropical climate acting
on a terrestrial source and the tuffs and montmorillonite
clays indicate episodes of volcanic activity within the
upper part of the Shumaysi.

DISCUSSION

Stratigraphic and basin setting of Paleogene
sections around Jeddah

There have been different opinions concerning the
stratigraphic status of the Usfan and the Shumaysi
Formations and the relations between these two units.
While early workers (e.g. Karpoff, 1957a,b) proposed
that the two units were distinct, and were given separate
names, subsequent workers have either considered the
two units as synonomous and refer the entire section to
the Shumaysi Formation (e.g. Spencer, 1987), or that
the two formations are distinct lithologically but are, in
part, laterally equivalent to one another (Moore and Al-
Rehaili, 1989). Most recently Hughes and Filatoff (1995)
provide useful data on the Usfan Formation but make
no mention of the Shumaysi Formation. Our logs
indicate that although there are some lithological
similarities between the two formations, such as the
lower fluviatile dominated sections in both areas, there
are important differences such as the marine phospho-
rite and limestone at the top of the Usfan, and the oolitic
ironstones, and the freshwater limestones and cherts of
the Shumaysi Formation. We are therefore in agreement
with the original work of Karpoff (1957a,b) and more
recently Moore and Al-Rehaili (1989) that the Paleogene
strata of this area can be subdivided into two litholog-
ically distinct formations.

Although these continental and marginal marine
strata are difficult to date accurately there is evidence
to support the view that the Shumaysi Formation is
younger than the Usfan Formation. In Wadi Ash Sham
glauconites from the Usfan have been dated as early as
mid Focene (55-43 Ma; Moore and Al-Rehaili, 1989).
The molluscs from the limestone and the palynomorphs
from the continental facies (Hughes and Filatoff, 1995)
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are both long-ranging (late Cretaceous to Eocene) biotas
and provide little help in constraining the age. The
Usfan in this area is erosively overlain by what is
interpreted in this chapter to be the lower unit of the
Shumaysi Formation and these are unconformably
overlain by late Miocene to Pliocene basalts. In the
Wadi Shumaysi sections the upper units of the Shumaysi
Formation have biostratigraphic data suggesting a late
Oligocene to early Miocene age, and these are capped by
an apparently conformable lava flow (Sita Formation)
of the same age range dated as 20.1 &+ 7 and
25.3 £ 3 Ma (Moore and Al-Rehaili, 1989). The earlier
molluscan and palynological biostratigraphy are incon-
clusive and suggest either an Eocene or an Oligocene
age. In conclusion we believe that the Usfan Formation
is both lithologically distinct and older (late Cretaceous
to Eocene) than the Shumaysi Formation (late Oligo-
cene to early Miocene) and forms part of the pre-rift
stratigraphy.

In the southern Shumaysi trough the younger Shu-
maysi Formation rests on the Precambrian basement
and Oligo-Miocene sediments and basalts are tilted, but
in the north-west of the Suqah trough the older Usfan
sediments rest on the basement, and are erosively
overlain by the younger Shumaysi Formation. This
indicates a long-lived basin margin syn-rift unconfor-
mity within this area. These rocks were then tilted to the
north-east and eroded prior to the late Miocene erup-
tion of the subhorizontal late Miocene basalts of the
Hammah Formation.

Comparison with other Tertiary sequences
along the eastern Red Sea margin

The early Tertiary sedimentary successions outcropping
on the eastern margin of the Red Sea document the early
stages of structural and sedimentary evolution of the rift
system. Comparison of the sedimentary sequences
studied here in the central part of Red Sea coastal plain
(Jeddah region) with those previously studied in the
northernmost Midyan region (Dullo et al., 1983; Purser
and Hotzl, 1988), the northern Ayunah to Yanbu (Jado
et al., 1989) and the southern Jizan area (Schmidt ez al.,
1982; Blank et al, 1986) enable this work to be
considered in its regional context (Figure C2.4).

Northern Saudi Arabia

The Midyan area in northern Saudi Arabia has been
most recently studied by Dullo ef al. (1983) and by Clark
(1985) (Figure C2.4). The oldest Tertiary unit, the Jabal
Tayran Formation, rests unconformably on the eroded
Precambrian basement. The basal conglomeratic section
of Dullo et al. (1983) (Wadi al Hamdh Member) is
interpreted as a fluvial deposit. This member is inter-

preted to be of early Oligocene age because it is overlain
by marine limestones of late Oligocene age. The lime-
stones (Wadi al Kils Member) are shallow marine
bioclastic packstones and coral bafflestones with asso-
ciated limestones with late Oligocene foraminifera
(Dullo et al., 1983). These are followed by a succession
of marginal and shallow marine sandstones, siltstones
and marls with intercalations of reefal limestones of
early Miocene age. They correlate these marls and reefs
with the Globigerina marls of the Gulf of Suez. The Al
Bad Formation follows firstly with shales and gypsum
and then gypsum, anhydrite dolomite and some lime-
stones and shales occur. Foraminifera in the lower part
of this unit give middle Miocene ages and those from
higher give late Miocene (Tortonian) ages. The section is
unconformably overlain by the Ifal Formation which
comprises sandstones and conglomerates that have not
been dated, but are assumed to be of late Miocene and
Pliocene age.

Further south in north-west Saudi Arabia, Jado et al.
(1989) have found similar evidence for late Oligocene
flooding with dolomitized reef limestones of late
Oligocene to Miocene age succeeded by Miocene
siliciclastic sediments with limestone interbeds which
become evaporitic up-section.

Wells offshore from this area which penetrate the
basement (Al Kurmah-1, Barqan-1, and An Numan-1)
have shales and sandstones labelled as ‘Rudeis’ in
Mitchell et al. (1992), which is taken here to be of
Burdigalian to Langhian in age, overlying basement.
Barquan-1 well has the earlier ‘Nukhul’, which we take
to be Aquitanian in age, sandstones and shales overlying
basement. These are interpreted to be restricted marine
muds by Crossley et al. (1992).

When compared with the Jeddah region there are
clear differences as there are no equivalents of the late
Cretaceous to early Eocene? deposits of the Usfan
Formation in the northern area. The late Oligocene—
early Miocene Shumaysi Formation on present evidence
appears to be age-equivalent to the Jabal Tayran
Formation and shows a broadly similar palaeoenviron-
mental evolution from basal fluvial passing up to
shallow marine deposits. However, there the similarity
ends and the limestones from the two areas differ as do
the occurrences of volcanic tuffs and lava in the Jeddah
area.

Hughes and Beydoun (1992) suggest that the Midyan
sections may relate to a marine connection to a ‘proto-
Jordon valley’ rather than being connected to the early
Red Sea. Similarly Jones and Racey (1994) show no
marine sediments of Oligocene age in this area in their
review of Cenozoic palaeogeographies of the Arabian
plate. The ages and palaeoenvironmental correlations
presented here, together with new evidence of late
Oligocene marine conditions in Sudan (Schroeder ef al.,
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Mid to late Miocene shales and evaporites occur in and
around the salt domes of the Tihama Plain e.g. Jizan
(Blank et al., 1986).

The Tawilah Formation is 10-30 m thick and by
comparison with occurrence and age in Yemen (see Al
Subbary et al., this volume) is considered to be late
Cretaceous to early Tertiary in age. The Tawilah
comprises a sequence of cross-bedded quartz-arenite
sandstones and conglomerates with rhyolitic tuffs in the
upper portions. The upper surface is weathered into
mottled sandstones with haematite concretions as is also
the case at the top of the Tawilah Group in Yemen (Al
Subbary et al., this volume). The Tawilah Formation
shows some lithological and stratigraphic similarities to
the Usfan Formation of the Jeddah region with the
exception of the marine limestones. Most of the lower
unit of the Shumaysi Formation appears to resemble
the informal Ayyanah formation (sandstones with
conglomerates) of the Jizan group (personal observa-
tion). The informal Baid formation consists of laminat-
ed varicoloured shales and volcanic tuffs with inorganic
precipitated silica and appears lithologically similar to
the upper Shumaysi Formation of the Jeddah region.

Tectono-sedimentary evolution

The occurrence of the Usfan and Shumaysi Formations
unconformably overlying Precambrian basement within
fault-bound troughs parallel with the present Red Sea
suggests that their deposition was intimately related to
evolution of the rift basin. While the stratigraphic
relations have yet to be studied in detail, and integrated
with a structural analysis, the current work provides
some useful insight into the geological evolution of the
central area of the Red Sea. Unfortunately this work
cannot be tied into the recent biostratigraphic scheme of
Hughes and Filatoff (1995) because their data are not
tied to outcrop sections and new names have been
introduced.

The Usfan Formation represents initially fluvial
conditions followed by a short-lived marine transgres-
sion and regression. The age of this unit is not well
constrained. Faunal data suggest a late Cretaceous age
while K-Ar dating, which has been shown elsewhere to
be unreliable (Chazot et al., this volume) suggests a
much younger, Eocene age. These age bands suggest
that the Usfan is a pre-rift sequence equivalent to the
fluvial dominated Tawilah Group of Yemen or the
Nubian, Esna, or Thebes units of the Gulf of Suez.
Unlike the Tawilah Group of Yemen the sands of the
Usfan appear to be locally derived from the Precambri-
an basement which together with its unconformable
relation with the Precambrian, suggest considerable pre-
Paleogene uplift and erosion. Whether or not this relates
to early stages of rifting has yet to be established.

The Shumaysi Formation, which is unconformable
on Precambrian basement, covers a larger area as it
occurs in both the Sugah and the Shumaysi troughs.
Here it is considered to be an early syn-rift deposit. Its
late Oligocene to early Miocene age indicates an early
fluvial and later marginal marine and freshwater depos-
its on this eastern margin of the early Red Sea rift. The
sequence is contemporaneous with the similar fluvial to
shallow marine Jabal Tayran Formation described from
the Midyan area in north-western Saudi Arabia. To-
gether, these two sections indicate early uplift and
erosion (basal unconformity), locally derived siliciclas-
tics in the earliest syn-rift phase followed by marine
flooding and/or lacustrine conditions in low relief
coastal plains. Tuffs and a lava flow within the Shumaysi
indicate the onset of volcanism in this area which
becomes much more important and widespread further
to the south in the age-equivalent Jizan group of south-
western Saudi Arabia.

The late Oligocene age of the marine sediments
within the upper part of the Shumaysi Formation agree
with recent results from Sudan (Schroeder et al., this
volume) and Hughes and Beydoun (1992) offshore
Ethiopia that marine flooding of the central part of
the Red Sea basin occurred at this time.

The lava flows within and on top of the Shumaysi
Formation are important in establishing a time frame-
work of rifting, The tilted late Oligocene—early Miocene
sediments and lava of the Shumaysi section are the
youngest tilted strata seen in the sections studied.
Unconformably overlying the tilted Shumaysi Forma-
tion are horizontal basalts of the Hammah Formation
dated as late Miocene to Pliocene (see Chazot et al., this
volume). This indicates that extensional faulting and
tilting in the area had finished by late Miocene times and
that the main phase of extension in the central Red Sea
must have been during the mid Miocene.

CONCLUSIONS

Pre-rift and early syn-rift deposits occur in fault-bound
troughs, parallel to the Red Sea margin in the vicinity of
Jeddah, Saudi Arabia. The earlier Usfan Formation
occurs only to the north-east of Jeddah, rests uncon-
formably on the Precambrian basement and comprises
fluvial sands and conglomerates capped by a transgres-
sive-regressive unit of limestones, dolomites and gyp-
siferous shales. K-Ar dating and biostratigraphic data
give a large age range from Maastrichtian to the Eocene.
The younger Shumaysi Formation outcrops to the east
of Jeddah where it rests unconformably on the Precam-
brian basement and also to the north-east of Jeddah
where it rests erosively on the Usfan Formation. The
Shumaysi comprises a lower fluvial unit of sandstones



and conglomerates, a middle freshwater shale and
siltstone unit with oolitic ironstones, and an upper
sequence, formed in marine to freshwater conditions, of
shales, silts and cherty limestones. Palaeontological and
radiometric dating both indicate a late Oligocene to
early Miocene age.

Regional comparisons indicate that age equivalents
of the Usfan Formation do not occur in northern Saudi
Arabia, but that pre-rift strata of this age do occur in the
Gulf of Suez (Nubian, Esna and Thebes Formations).
To the south, the Usfan is probably laterally equivalent
to the Tawilah Formation of the Jizan area and the
Tawilah Group of Yemen. Similar age equivalents of the
Shumaysi Formation occur in the Jabal Tayran For-
mation of the Midyan area and sedimentary sections
within the volcanic, siliciclastic rocks of the Jizan group
of southern Saudi Arabia.

The late Oligocene—early Miocene marine transgres-
sion within the upper Shumaysi unit indicates marine
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conditions in the central Red Sea at this time and
supports recent reports of late Oligocene marine condi-
tions in Sudan and offshore Ethiopia.

There was a mid Miocene phase of extension and
tilting subsequent to early rift basin sedimentation as
indicated by late Miocene—Pliocene flat-lying basaltic
lavas unconformably overlying the Shumayusi Forma-
tion.
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Chapter C3

The sedimentary record of the initial stages
of Oligo-Miocene rifting in the Gulf of Suez
and the northern Red Sea

C. Montenat, F. Orszag-Sperber, ].-C. Plaziat and B. H. Purser

ABSTRACT

The late Oligocene—early Miocene strata in the Gulf of
Suez and the northern Red Sea were deposited in
response to the morphotectonic conditions prevailing
during the initial stages of rifting.

The Precambrian basement and pre-rift Mesozoic
and Eocene cover have been eroded but there is no
evidence of doming prior to initial syn-rift sedimenta-
tion. The early-rift Abu Zenima Formation of the
eastern and central Gulf of Suez together with the
equivalent Group A clastics of the north-west Red Sea
are composed of both fine and coarse continental,
reddish clastics. The conglomeratic units are derived
from the uplifted Eocene carbonates and subsequently
from Precambrian basement, and were deposited as
both proximal alluvial fans and in channels. These
sediments occur predominantly in structural depressions
oriented oblique with respect to the axis of the rift.
These sub-basins were formed by initial post-Eocene
strike-slip movements and then extensional block tilting.
They are locally filled by marine evaporites or open
marine deposits indicating a marine transgression.

The transition from continental to marine conditions
generally occurs in response to block tilting and appears
to be slightly diachronous. The earliest marine sedi-
ments are Aquitanian at Ras Honkorab (north-west
Red Sea) while the earliest marine facies (Nukhul) in the
Gulf of Suez ranges from Aquitanian to Burdigalian in
age. Differences in radiometric ages of associated basalts
tend to confirm this slight diachronism.

Differences between the evolution of the Arabian and
African rift margins is reflected in the relative intensity
of volcanism and by the thickness and ages of early rift

sediments. Marine facies are markedly thicker both in
Sinai and in the Midyan area of Saudi Arabia where
initial open-marine sedimentation is Chattian, as op-
posed to Aquitanian to Burdigalian on the opposing
African margin. This regional synthesis thus confirms
both a longitudinal and transverse asymmetry of the
north-west Red Sea—Gulf of Suez rift.

INTRODUCTION

This chapter focuses on the sedimentary aspects of rift
initiation (late Oligocene—early Miocene) in the Gulf of
Suez and the north-west Red Sea and the lithostrati-
graphic units concerned are reviewed with respect to
their age and sedimentological characters.

Additional data concerning chronological and
tectonic aspects are dealt with in chapters by Bos-
worth et al., Montenat et al., and Plaziat et al. (this
volume).

GEODYNAMIC FRAMEWORK
Pre-rift history

The Precambrian basement belongs to several superim-
posed orogenic cycles, the latest being the ‘Panafrican’
tectonomagmatic phase (about 500 Ma), and by early
and late Palaeozoic magmatic events. These resulted
mainly in the intrusion of granitic plutons and dikes
(Gebels Dara and Gharib in Gharamul area, Gulf of
Suez; Ott d’Estevou ef al., 1986a).

The pre-rift sedimentary cover, unconformably over-
lying the Precambrian basement, attains 2000 m in the
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northern Gulf of Suez and in general is a transgressive
sequence. It is topped with Eocene carbonates of the
Thebes Formation (Said, 1962). This Eocene outcrops in
the Nile Valley as well as on the Red Sea coast and
extended ovér. the Arabo-African platform before its
breakup. It is thus independent from the rift formation.
Moreover, the facies and thickness are arranged in east—
west belts and, in agreement with Garfunkel and Bartov
(1977) there is no reason to relate these sediments to a
proto-rift (Kostandi, 1959).

Contact between pre-rift and early syn-rift sediments

The pre-rift sediments covered a wide area of the Gulf of
Suez, during the initiation of the rift. Industrial wells
located in the central part of the Gulf, show a similar
amount of erosion of pre-rift strata as their equivalent on
the periphery (Richardson and Arthur, 1988). This
indicates, at least in this area, that the rifting was not
preceded by a general doming and a widespread erosio-
nal phase (Garfunkel, 1988; Bohannon et al., 1989).

The pre-rift cover also is preserved in the north-west
part of the Red Sea, as far as 30 km south of Quseir
(Figure C3.1) (Orszag-Sperber and Plaziat, 1990). Fur-
ther south (Abu Ghusun), the cover, initially probably
thinner (Orszag Sperber and Plaziat, 1990; Patton et al.,
1994), was completely eroded prior to the deposition of
the early rift sediments. At an equivalent latitude, along
the Arabian margin, it appears to have been more
deeply eroded (Purser and Hétzl, 1988).

The first sediments referable to the early syn-rift
depositional phase (late Oligocene, see below) rest
unconformably on the pre-rift cover. In most cases,
the discordance is less than 10° or barely perceptible.
Locally, close to the north-south strike-slip faults
(Quseir area; Roussel ef al., 1986), the first beds of the
syn-rift sequence overlie, with an angular discordance of
5°, the tilted Eocene.

When overlying the pre-rift cover the first syn-rift
clastics begin with a submonomictic breccia of angular
cherts together with blocks of limestone, supplied from
the underlying weathered and karstified cherty lime-
stones of the Thebes Formation (Middle Eocene). The
variable thickness of the breccia reflects the filling of an
irregular surface. These clastics are overlain by well-
sorted sands provided by the erosion of the Nubian
sandstones. This succession of chert breccia and sand-
stone is typically illustrated by the Nakheil formation
(Figure C3.2) (Wadi Nakheil, west Quseir), which rests
conformably on the Thebes limestones of the Gebel
Duwi (Jarrige et al., 1986).

The contact between the pre-rift and the early, syn-
rifting sequences suggest a long period of planation and
weathering before the deposition of the syn-rift clastic
sediments.
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Figure C3.1 Location of sites mentioned in the text.

EARLY RIFT SEDIMENTS
Lithostratigraphic nomenclature

The rift basin is initiated by the deposition of late
Oligocene—early Miocene clastic sediments. These sedi-
ments were deposited within tectonically controlled
depressions which do not always coincide with the
down-faulted N140 blocks formed later during rift
development (i.e. west-north-west—east-south-east trend-
ing Hamadat corridor, south of Quseir; Roussel et al.,
1986). For that reason, the term of ‘proto-rift’ was
proposed, to refer to this early stage of sedimentation
(Orszag-Sperber and Plaziat, 1990; Plaziat et al., 1990).

The early rift sediments discussed in this contribution
are considered part of the Abu Zenima and Nukhul
Formations in the Gulf of Suez, late Oligocene to early
Miocene in age (see Plaziat et al., this volume).

In the north-western Red Sea, the lithostratigraphic
nomenclature is complicated by numerous local forma-
tion names. Here, lithologic units equivalent to those of
the Gulf of Suez are the Abu Ghusun and Nakheil
Formations and probably the lower Um Abbas and
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Figure C3.2  Stratigraphic nomenclature of early rift deposits in the
northern Red Sea, Gulf of Suez and Midyan Peninsula (Saudi), after
NSS Comm. (1974); Montenat et al. (1986); Evans (1988); Purser and
Hotzl (1988).

Rosas Members, belonging to the Ranga Formation
(Figure C3.2). On the Saudi margin (Midyan Peninsula),
the Musayr and Nutaysh Formations occupy the same
interval, between the late Oligocene (Chattian) and the
early Miocene (Aquitanian—early Burdigalian) (Purser
and Hoétzl, 1988; also see discussion below and figures).

A more simple terminology, based on tectono-sedi-
mentary units (Montenat ef al., 1986) comprises four
major units, Groups A, B, C and D, each separated by a
regional unconformity. The Group A (late Oligocene-
early Burdigalian), relates to the early stage of the rifting
and corresponds approximately to the above-mentioned
formations. This group is made of two sub-groups: the
reddish continental clastics A; and the subaquatic
deposits A, (Figure C3.2). Group A is overlain, locally
with unconformity, by the marine Group B (Plate 13).

Early rift deposits in the Gulf of Suez

Eastern margin

Well-known sections are exposed in the Abu Rudeis
area (Garfunkel and Bartov, 1977; Ott d’Estevou et al.,
1986b; Evans, 1990; Patton et al., 1994), specially at
Abu Zenima and Wadi Nukhul. In these sections, two
major facies are observed (Figure C3.3):

e reddish or variegated continental clastics, at the base,
locally associated with basalts, referred to as the Abu
Zenima Formation (i.e. the A; sub-group).

e yellowish marine detrital deposits, in the upper part,
referred to as the Nukhul Formation (the A, sub-

group).

The base of the early-rift series is of particular interest at
Wadi Nukhul (Ott d’Estevou ef al., 1986a), where pre-
rift strata consist of marly limestone (Middle Eocene)
and grey-beige marls (10 m) containing a planktonic-rich
assemblage of Late Eocene (Globigerinapsis semiinvoluta
zone). These open marine marls are overlain, without
any notable transition, by lacustrine limestones (0.80 m).
A large basalt dike, oriented N140 (Clysmic) cut these
sediments (Figure C3.3). The Abu Zenima Formation is
unconformably overlain by marine bioclastic detrital
sediments, sandstones, marly sandstones and silty marls
of the Nukhul Formation. These are interpreted as
littoral sandbars with large-scale oblique bedding and
ripples at the base, passing upwards into marly sand-
bodies related to gravity deposits (grain flows with
massive reworking of Eocene microfauna) alternating
with planktonic silty marls upwards. This sedimentary
sequence clearly indicates the increase in water depth.

At Abu Zenima, these marine clastics begin with a
conglomerate overlying an erosional surface at the top
of a basalt flow which overlies the variegated clastics of
the Abu Zenima Formation.

Locally (Gebel Ekma, north Abu Durba), these
marine detrital Nukhul deposits exhibit intense syn-
depositional deformations, such as various gravity
features (slumps, olistoliths, mud-flows and debris-
flows), rapid variations in thickness and synsedimentary
faulting. Planktonic and large benthic foraminifera
indicate an Aquitanian—early Burdigalian age of the
Nukhul Formation (E1 Heini and Martini, 1981; Ott
d’Estevou et al., 1986a; Steininger et al., 1990).

A marine unit, comprising calcarenites and reefoid
carbonates, unconformably overlies the Nukhul For-
mation and may rest directly on the Eocene pre-rift
cover. These unconformable deposits, widely outcrop-
ping on the Sinai margin, contain a late Burdigalian
microfauna and are referred to as the Lower Rudeis
Formation (Garfunkel and Bartov, 1977). The discor-
dance between the Nukhul and overlying Rudeis For-
mation (i.e. ‘Post Nukhul event’ of Evans, 1988) is the
upper limit of deposits discussed in this chapter.

Western margin

Group A deposits related to the early stages of rifting
are limited to scattered outcrops on the western margin.
They consist mainly of reddish continental clastics
correlated with the Abu Zenima Formation (sub-group
A)) of the eastern margin. In the Gharamul area (Ott
d’Estevou et al., 1986a) these deposits rest with a slight
unconformity on Eocene limestones. They include a
basal breccia of angular unconsolidated blocks of
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Figure C3.3  Correlation of early-rifting deposits outcropping on the Sinai margin (after Ott d’Estevou et al., 1986, modified). 1 — basalt; 2 —
carbonate; 3 - sandy-carbonate; 4 — sandstone; 5 — sandy marls; 6 — a. channel, b. paleosol; 7 — olistolith and slumps; 8 — gypsum replacing carbonate;
9 — micropalacontological data.
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Eocene cherts and limestones, located in discontinuous
depressions. Alternating beige to reddish sands or
sandstones, and yellowish sandy marls compose the
bulk of the strata. Laminated carbonate and gypsiferous
marls, locally interbedded with the clastics suggest
temporary playas within a flat alluvial plain. The same
kinds of deposits outcrop at the north-west extremity of
the Mellaha block (Gebel Tarbul; Prat et al., 1986).

Outcrops related to the marine Nukhul Formation
are absent, except for biogenic carbonates at Gebel el
Zeit dated as Aquitanian (Evans, 1988). This single
example can be explained by the specific position of the
Gebel el Zeit, as an uplifted block situated near the axial
part of the Gulf.

Axial part of the Gulf

Continental sediments, corresponding to the Abu Zen-
ima Formation, are poorly developed or absent in the
industrial wells (Richardson and Arthur, 1988; Evans,
1990). Fluviatile sandstones and shales occurring only in
the Southern Gulf are considered part of the Shoab Ali
Member and regarded as the basal unit of the Nukhul
Formation (Saoudi and Khalil, 1984); however these
could be as well correlated with the continental clastics
of the Abu Zenima Formation.

In most cases, in the sub-surface, the first sediments
overlying the pre-rift strata are of marine origin,
including reefoid and bioclastic limestones (Gharamul
Member), marine sandstones and conglomerates (Octo-
ber Member) laterally replaced by anhydrite and marls
(Ghara Member) in more restricted environments (Sao-
udi and Khalil, 1984). The total thickness of these
deposits is highly variable, from 0 to 700 m (Richardson
and Arthur, 1988), depending on the syndepositional
structure of the substratum.

Early syn-rift deposits of the north-western Red Sea

Egyptian margin
Basically, two kinds of sediments are exposed:

e reddish continental clastics (sands, sandstones and
conglomerates) are similar to the Abu Zenima For-
mation (A; sub-group). They are widely distributed
and refer to the Abu Ghusun and Nakheil Formations
and/or? to the Lower Um Abbas Member of the
Ranga Formation (Plaziat et al., this volume).

e evaporites interbedded with marls, which correspond
to the A, sub-group and are correlated with the Rosa
Member, an evaporite unit of the Ranga Formation
(Plaziat et al., this volume).

Abu Ghusun and Nakheil Formations (A; sub-group)

North of Quseir (Wadi Nakheil), the base of the reddish
continental clastics (Abu Ghusun Formation, about
200 m) includes conglomerates composed of cherts and

sandstone pebbles with a sandy matrix (Nakheil For-
mation) (Roussel er al., 1986; Roussel, 1986; Thiriet
et al., 1986; Figure C3.5). However, 250 km further
south, at Abu Ghusun-Ras Honkorab, Precambrian
granite pebbles appear at the base of the sequence
(Montenat et al., 1986).

In Wadi Gasus (south Safaga) as with the Abu
Ghusun area, series of mudstones and sands occur in the
proximal continental deposits (Figures C3.4(b), C3.5(c)).
These are mainly debris-flows (Figure C3.4(b)) and mud-
flows (Figure C3.5) lacking basal erosional surfaces,
intercalated within finer, flood-plain mudstones. Mud-
stones are often thinly bedded, with frequent desiccation
cracks (Plate 14(b)). In distal sections, sands and muds
are deposited as fining-upwards sequences with marked
basal erosional surfaces (Figure C3.5(e)). Depositional
structures and textures suggest wadi-type channel sed-
imentation grading downstream into flood-plain sedi-
ments with rare mud-flows.

Local coarsening and thickening upward metre-thick
sequences suggests playa-type deposits. These may be
associated with sands showing horizontal, millimetric
lamination of aeolian origin and limestones deposited in
lakes (fish scales in thinly bedded limestone at Abu
Ghusun) or palustrine environments (massive nonlam-
inated beds with root-traces at Wadi Gasus).

Grain-size distribution of the sediments (Fig-
ure C3.6) suggests that the particules are current-trans-
ported in channels, through the flood plain. Deposition
by decantation appears only in lakes and in the
abandoned channels. In the upper part of the sequence,
sedimentation becomes more dominated by fluviatile
deposits, with the appearance of crystalline basement
pebbles indicating the uplift of the periphery. The
presence of synsedimentary deformational structures
suggests an increase in seismicity (Plaziat et al., 1990,
this volume) (Figure C3.3(d)).

Subaquatic deposits (sub-group A,)

Locally, the continental clastics are overlain by a
succession of gypsum beds alternating with marls,
diatomites and laminated carbonates corresponding to
the sub-group A, (Ras Honkorab, north of Abu
Ghusun and Wadi Gasus, south Safaga; Montenat
et al., 1986, Thiriet et al., 1986) and tentatively corre-
lated with the Lower Umm Abbas Member.

At Wadi Gasus (Safaga), the evaporite series (20 to
30 m) (see also section on evaporites in Orszag-Sperber
et al., this volume) includes several beds of laminated
crystalline gypsum (1 to 5 m each in thickness), alter-
nating with yellowish silty marls, conglomerates and
sandstones, with graded bedding, flutemarks and load-
marks, suggesting gravity-flow deposition. The western
edge of this evaporite basin is indicated by the develop-
ment of laminated dolomicrite or dolomicrosparite
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Figure C3.4  Outcrops and details of the Group A deposits. (a) Discordance between Group A continental sandstones and Group B marine
limestone (left) and sandstones, followed by stromatolites. The plateau is topped by laminated dolomite marking the end of Group B (Wadi Sharm el
Qibli, S Quseir). (b) Debris-flow with muddy matrix. These poorly sorted clasts include slightly rounded Eocene and Precambrian pebbles typical of
proximal alluvial fan deposition (N Wadi Asal, S Quseir). (Hammer for scale). (¢) Alternating bedded sands and poorly sorted gravels with sandy
matrix, interpreted as wadi deposits (Wadi Sharm el Bahari, S Quseir). (d) Hydroplastic deformation with interbedded muddy sandstones and
gravelly mudstones initially deposited as mud flows, parts of which were subsequently remobilized during earthquakes (Wadi Sharm el Bahari). (e)
Sandy flood plain mudstones whose bedding is cut by deep desiccation cracks filled with sand (arrows) (Mohamed Raba Basin, SW Safaga).



Figure C3.5 Facies of the Group A deposits (Abu Zenima Formation). (a) Conglomerate composed of chert from pre-rift (Eocene Thebes
Formation) and sandstones (Cretaceous Nubian Formation), with sandy matrix. This facies is typical of the Nakheil Formation (Gebel Atshan, W
Quseir). (b) Conglomerate with rounded granite blocks (30-50 ¢m), and muddy sand matrix (Wadi Asal, S Quseir). (c) Muddy sand-flow deposit with
scattered Eocene chert cobbles, overlying flood-plain mudstones (L), in the lower part of section at Wadi Gasus (S Safaga). (d) Muddy, sandy
conglomerate with large (80 cm) blocks. The muddy sands at the base are deformed by the overlying, 2 m thick debris flow (Hamadat depression, S
Quseir). (e) Interbedded mud and sand with upwards fining granulometry and bed thickness; subaquatic distal deposits at Wadi Gasus. (f) Extreme
variability of proximal Group A deposits. The lower finer deposits include a sandy bed inclined to the south, intercalated between mudstones (L).
These are overlain by a series of sand-flow deposits which include blocks inclined in a downstream direction. Each flow exceeds 1-5 m in thickness
and lacks an erosional base. A 20 cm thick muddy horizon (L) separates these sand-flows from a poorly sorted conglomeratic bed (Eocene chert
cobbles and granite boulders). Hammer for scale. (Hamadat depression).



which locally display a vuggy fabric due to dissolution
of gypsum crystals. These carbonates exhibit a cauli-
flower microstructure related to microbial growth.
These peripheral carbonate deposits rest conformably
on the continental clastics (A;) or unconformably, on
the pre-rift sedimentary cover (Thiriet, 1987).

At Ras Honkorab, the evaporites are thicker (100 m)
than at Safaga. The deposits are located within a system
of N120 trending depression (Figure C3.7(b)), between
the Gebels Honkorab and Rafa el Tanish (Fig-
ure C3.7(a); Montenat et al., this volume). Evaporites
lie directly on metamorphic basement, the reddish
continental series (A;) is exposed only in the southern
area (Montenat et al., 1986). The facies pattern of the
evaporites is controlled by syndepositional faulting.
Basinal deposits composed of several episodes of lam-
inated microcrystalline gypsum (<10 m) interbedded
with laminated green marls, diatomaceous beds and
laminated dolomicrites, are best developed within half-
graben, while the crest of blocks, fault-scarps and fault-
scarp breccias are coated with vuggy, brecciated dolo-
mite, showing traces of algal lamination. Stromatolitic
growths are located on the crest of blocks. Smallest half-
graben (decametric) are filled only with laminated
carbonates.

At Ras Honkorab, as well as at Safaga, the evaporites
are contemporanous with tilt-block faulting, as is clearly
shown in the Ras Honkorab area (Montenat et al., 1986,
this volume; Ott d’Estevou et al., 1987).

At Wadi Gasus (south Safaga), the gypsum beds,
dipping at about 25°, are conformable on the underlying
continental beds, these latter exhibiting frequent syn-
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sedimentary deformation structures reflecting the first
phases of tilting. This tilting may have led to the
transition from subaerial to subaquatic sedimentation.
The resulting subaquatic gypsum has been locally
displaced to form large (10 m) lenses associated with
olistolithes (6 m) of consolidated marls containing
planktonic microfauna (Lower Miocene, Thiriet, 1987).
At both Ras Honkorab and Wadi Gasus, these
evaporites are covered unconformably by subsequent
open-marine deposits (Group B) (Thiriet, 1987; Monte-
nat et al., 1986). These evaporites represent the first
marine ingression on the north-western margin of the
rift, and thus may be correlated with the Aquitanian—
early Burdigalian Nukhul Formation, which includes an
evaporite Ghara Member (Saoudi and Khalil, 1984).

Sudanese margin

On the Sudanese coast, north of Port Sudan, the syn-rift
sedimentary sequence begins with a succession similar to
its Egyptian equivalent (Montenat er al., 1990; Fig-
ure C3.8).

® Red shales and silty or sandy clays interbedded with
numerous basalt flows and some basaltic tuff layers
(cf. A sub-group or Abu Ghusun Formation).

e Alternation of evaporites (laminated white crystalline
gypsum beds, 1 to 5 m in thickness) and green marls
associated with laminated diatomites, which rest
conformably on the red beds (cf. A, sub-group).

These deposits record tilt-block extensional tectonics
before burial by marine calcarenites and clastics prob-
ably of Early to Middle Miocene age, correlateable with

Figure C3.6  Grain-size distribution curves in the Abu Ghusun (Zenima) Formation (sub-group Al). (a) Wadi Gasus: curves 10, 13, 17 show an
hyperbolic facies indicating a deposition of particles by settling in a calm subaquatic environment (lake, abandoned part of a channel). The other
curves showing a parabolic facies indicate particles transported and deposited by a traction current. Note the relative abundance of fines particles
(<100 um) (after Roussel, 1986). (b) Abu Ghusun: grain-size distribution indicative of deposition in a flood plain, of not well sorted particles, except

for curves 2 and 3.
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the marine group B deposits of Egypt (Figure C3.9;
Montenat et al., 1990).

Saudi Arabian margin

Outcrops in the Midyan region extend from Dhuba in
the south, to Magna (Gulf of Aqgaba), including the
Midyan Peninsula (Figure C3.1). The lithostratigraphic
succession (Dullo et al., 1983; Le Nindre et al., 1986;

Purser and Hoétzl, 1988) is more complete and diverse
than that of the Egyptian margin and can be summa-
rized as follows (see details in Purser and Hotzl, 1988).

o Coarse clastic continental sediments of the Sharik
Formation (?Rupelian).

® Yellowish to grey marine limestone, locally reefoid
and intercalated sandstones of the Musayr Forma-
tion (Chattian microfauna, late Oligocene). The
Musayr Formation conformably overlies the Sharik
Formation, or rests directly on the faulted crystalline
basement (Jabal Musayr). At Jabal Tayran an
evaporitic episode (35 m) marks the transition be-
tween the Sharik and Musayr Formations (Figures
C3.2, C3.11).

® Marine terrigenous deposits (sandstones, marls and
siltstones) and intercalated reef limestone of the
Nutaysh Formation (Aquitanian to Early Burdigal-
ian, i.e. contemporaneous to the Nukhul Formation).
These gverlie the upper Oligocene Formation (Mu-
sayr Formation) with slight unconformity.

The pronounced unconformity separating the Nutaysh
Formation and the overlying terrigenous marine depos-
its of the Bad Formation (Middle to Upper Miocene)
can be related to the post-Nukhul event of Evans (1990).

CLIMATE

Numerous sedimentary and diagenetic features indicate
a relatively arid climate during the early stage of rift
sedimentation. The important role of debris-flow sedi-
ments and the general architecture of the deposits are
indicative of alluvial-fan systems. Highly weathered
materials are systematically mixed with feldspathic
sandstones.

In susceptible muddy alluvial sediments there are deep
desiccation cracks (Plate 14) extending down to 1 m in
massive or layered mudstones. However, the most
significant climatic expression is the weak development

Figure C3.7 (a) Simplified geological map of the Ras Honkorab area, north Abu Ghusun. The small fault blocks, with graben filled by evaporites
of the sub-group A2, are overlain unconformably by marine Group B deposits. (b) Syntectonic deposition of evaporites (sub-group A2) in the Ras
Honkorab area, N Abu Ghusun. 1. faulted basement; 2. fault-scarp breccias coated with dolomitized stromatolitic talus; 3. evaporites interbedded
with diatomites, marls and anoxic laminated carbonates; 4. green silty marls with Globigerina onlapping the talus; 5. stromatolitic build-up; 6.
slumped and brecciated stromatolitc material; 7. small half-graben filled with anoxic laminated carbonate.
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Figure C3.8  Correlation of syn-rift deposits outcropping on the Sudanese margin, north of Port Sudan, with special reference to early-rift deposits
(equivalent to Group A) (after Monetant et al., 1990, modified). 1. basalt flow; 2. palustrine carbonate and paleosol; 3. evaporites; 4. oolitic and
coquina limestone; 5. reefal carbonate, carbonate; 7. reddish marl and silt; 8. marls; 9. sandstone; 10. conglomerate.

of alluvial paleosols which are partially responsible for
the preservation of mud cracks. In low lying areas
reoxidized gleys (ferruginous mottling) and Fe-Mn nod-
ules (north Wadi Abu Ghusun) and palustrine limestones
(Mohamed Raba, Gebel Ashtan or Gebel Tarbul to the
north-west Gebel Mellaha) are also developed. The same
type of sedimentation occurs along the Sudanese Red Sea
coast (Montenat et al., 1990). These attributes suggest a
semi-arid, dry tropical climate, with a rainy season
sufficiently long to account for active alluvial, flash-flood
transportation terminating in overflows into closed
basins. The occurrence of large granite boulders (2 m)
in sandy deposits, on gentle slopes (Figure C3.5(b),(d),
Plate 14(a)), at a distance of several kilometres from the
basement sources, clearly implies flash-flood transporta-
tion. Silicified woods support this climatic interpretation,

in agreement with the existence of ephemeral lakes (for
example in the Gharamuls, Ott d’Estevou ez al., 1986a).

SYNSEDIMENTARY DEFORMATION RELATED
TO EARLY RIFTING

An overview of early rift tectonics

The structure of the Gulf of Suez and north-western Red
Sea rift is controlled, at various scales, by four major
trends of faults: N00-20 (Agaba), N100-120 (Duwi),
N140 (Clysmic) and N40-60 (Cross), inherited from the
structure of the Precambrian basement (Garfunkel and
Bartov, 1977; Jarrige et al., 1986). The combination of
these different fault trends results in a zigzag fault
pattern which characterizes the morphostructure of the
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Figare C3.9 Example of syn-rift deposits outcropping at Marsa
Shinab, N Port Sudan. 1. red series and basalt flow (to compare with
the Al sub-group on the Egyptian margin); 2. evaporites; 3. green
marls (sub-group A2); 4. major unconformity and boulder horizon
with basement material; 5. biogenic carbonates locally reefal, with
syndepositional truncation (WSW part) (marine Group B); 6. evapo-
rites (Group C). After Montenat et al., 1990)

rift and directly influences the distribution of syn-rift
sediments (see Montenat et al., this volume).

Sealed structures and polyphased fault movements
indicate at least two major stages of deformation related
respectively to compressive strike-slip faulting and ex-
tensional tectonics which occurred during the early rifting
phase of sedimentation (i.e. group A deposits; Montenat
et al., 1986). The transition from one pattern to another
may be slightly diachronous within that interval (Oligo-
cene pro-parte-early Burdigalian) (Figure C3.11).

Syndepositional deformation structures
related to strike-slip movements

Strike-slip movements along N00°-20° Aqgaba faults
(sinistral) and N100°-120° Duwi faults (dextral) are
responsible for the preferential accumulation of sedi-
ments (red continental clastics of the Abu Zenima and
related formations) as a succession of discontinuous
depocentres located within these tectonic corridors.
Such depocentres resemble highly structured synclines
and record spectacular syndepositional unconformities
(Mohamed Raba, near Safaga, Thiriet et al, 1985;
Gebel Tarbul, north-west of the Gebel Esh Mellaha,
Montenat et al., this volume). The strike-slip faults and
these depocentres are oblique to the general orientation
(Clysmic) of the rift, and include the N110°-120° Duwi-
trending Hamadat corridor, south Quseir (Roussel et
al., 1986; Orszag-Sperber and Plaziat, 1990; Patton et
al., 1994).

On the Sinai margin, strike-slip deformation fre-
quently affects the Nukhul Formation and relates
mainly to N00°-20° Aqgaba faults. Strike-slip move-
ments produce folds of kilometric scale, often with high-
angle dip axis, which evolved contemporaneously with
sedimentation (Gebel Ekma, north of Abu Durba).

These structures are sealed by late Burdigalian deposits
(Rudeis Formation) (Ott d’Estevou et al., 1986b).

First appearance of the tilt-block pattern

At Ras Honkorab, the initiation of the tilt-block pattern
is clearly recorded during the deposition of the evaporite
unit (A, sub-group) (Figure C3.7(a),(b)). This large-
scale fault-block pattern was preceded by the formation
of numerous faults (mainly N140°, south-west dipping
faults of decimetric to metric scale) within the red
clastics of the Abu Ghusun Formation (Montenat ef al.,
1986). These generate a minor antithetic fault pattern,
possibly related to strike-slip motion, controlled by the
prevailing Duwi fault trend.

EVOLUTION OF RELIEF DURING
EARLY RIFTING

The composition of the clastic materials within the rift
fill provides information concerning the rocks which
existed on the rift shoulders.

Pre-rift unroofing and weathering

The pre-rift sedimentary cover was originally very
variable in thickness. It is thinning from 2000 m in the
north of the Gulf of Suez to several hundred metres to
the south, in the northern Red Sea. As noted by Patton
et al. (1994) this thinning also reflects an early unroofing
of the basement on the rift margins in the southern area
(south of Quseir) where the pre-rift sedimentary cover
was totally eroded prior to deposition of the earliest syn-
rift sediments, while the basement was exhumed later in
time in the northern Gulf of Suez.

Obviously, it is easier to study the evolution of the
erosion and marginal reliefs in the area where the pre-
rift sedimentary cover was preserved at the beginning of
the rift history.

As previously noted, in the areas devoid of pre-rift
sedimentary cover, the crystalline basement was deeply
weathered before being covered by the first syn-rift
clastics (Abu Ghusun). When the pre-rift sedimentary
cover is present, the weathering of Focene cherty
limestones gave rise to eluvial deposits such as the
sporadic accumulation of autochtonous chert breccias at
the base of the Abu Zenima or Nakheil Formations.

History of uplift and erosion

The occurrence of pebbles derived from the crystalline
basement together with their size increase up section
(Figure C3.10), suggests progressive increase in reliefs



(A, reddish deposits in Safaga and Quseir areas). At the
same time, the alluvial cones lacking channels in the first
hundred metres of sections, and developed a channelized
fluviatile system with deep incision and coarse in-filling
in the upper part of the sections.

Within the lower part of the above-mentioned red-
dish formations, the detrital material is derived only
from the Eocene (cherts as blocks and sand-size detri-
tus). This indicates initial low relief whose altitude did
not exceed the thickness of the Eocene limestones (less
than 200 m; Garfunkel, 1988; Patton et al., 1994).
However, the red clastics are rapidly enriched in well-
sorted, sandy material derived from the underlying
Nubian sandstones. The exhumation of these sandstones
indicates erosion of about 150 m (west of Safaga) to
about 500 m (Gebel Duwi, west of Quseir) of the pre-rift
cover during the deposition of the red clastics (A sub-
group). This erosion tends to be greater in certain areas
located close to strike-slip faults (Mohamed Rabah,
west Safaga; Thiriet er al., 1985; Gebel Tarbul, north
Gebel Mellaha, Montenat et al., this volume).

The composition of the upper part of the red clastics,
indicate exposure of the basement (Quseir, Safaga,
Gharamuls) as reworked pebbles and cobbles of granite
and metamorphic rocks mixed with debris originating
from the pre-rift sedimentary cover. The total removal of
the pre-rift sedimentary cover, at least locally, suggests an
uplift of 300-800 m in the Quseir and Safaga areas.

In Sinai, studies based on the composition of the
early rift sediments by Ott d’Estevou et al. (1986b),
Garfunkel (1988), Evans (1990), as well as the fission
track studies of basement apatite age analysis (Kohn
and Eyal, 1981; Omar et al., 1989), show a northward
decrease in age and amplitude of uplift with unroofing
beginning at about 17 Ma in the southern Sinai, and at
15 Ma in the northern part. This corresponds approx-
imately with deposits of marine Rudeis sediments.

Patton er al. (1994) indicate that some of the best data
in support of a northward younging of the rift of Suez
are derived from isopach and facies data of the Nukhul
Formation (Saoudi and Khalil, 1986); the Shoab Ali
Member (lower part of the Nukhul Formation) exists
only in the southern part of the Gulf. These strata are
mainly composed of reworked Nubian sandstones.

ASYMMETRY OF RIFT INITIATION
IN SPACE AND TIME

Indications of north-south diachronism of rift initiation

Chronological data
The comparison of different stratigraphic sections from

the Gulf of Suez and the north-western Red Sea reveals
the following points (Figure C3.11).
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1. At Abu Zenima, the red clastics (Abu Zenima
Formation) are dated between 26-25 Ma and 22 Ma
(Late Oligocene-Aquitanian pro-parte). The overlying
Nukhul Formation begins after 22 Ma (within the
Aquitanian) while it ends within the early Burdigalian,
around 18 Ma (see above).

2. At Sharm el Bahari, near Quseir, the major part of
the red clastics (Abu Zenima or Abu Ghusun Forma-
tions) underlies a basalt flow dated at 24.9 Ma (Roussel
et al., 1986), and thus is older than the dates from Sinai.

3. At Ras Honkorab, north of Abu Ghusun, the
lower evaporites (A, sub-group, part of the Nukhul
Formation) are Aquitanian in their upper part
(Montenat et al., 1986; Plaziat et al., this volume).
Thus, from these data, the first syn-rift deposits are
diachronous and young slightly from south to north.
However this diachronism appears relatively minor (less
than 5 Ma) and should be supported by more precise data.

Structural data
The succession of tectonic patterns from strike-slip to
extensional which characterize an early rifting stage also
shows a diachronism. Data from south to north include
the following.

e In the southernmost area (Abu Ghusun and Ras
Honkorab) the strike-slip regime is weakly perceptible
and occurred essentially prior to deposition of the red
clastics sub-group A; (Montenat et al., 1986). On the
other hand, initiation of the tilt-block stage related to
the extensional tectonics is clearly recorded during the
deposition of the lower evaporites (sub-group A,).

¢ In the Quseir area, deformation related to strike-slip
tectonics is clearly recorded by the red clastics and
associated basalt (Jarrige et al., 1986), but this does
not affect younger deposits.

o Inthe Safaga area, the red clastics (A, sub-group) have
been affected by compressive strike-slip deformation
(Thiriet et al., 1985, 1986), while the deposition of the
lower evaporites (A, sub-group, probably Aquitanian
in age) is contemporaneous with initiation of tilt-
blocks (Thiriet et al, 1986; Orszag-Sperber and
Plaziat, 1990).

e Northward, on the Sinai margin, the compressive
strike-slip regime is clearly expressed up to the Nukhul
Formation (Aquitanian pro-parte—early Burdigalian)
and the related deformations are sealed by Late
Burdigalian deposits (Lower Rudeis Formation; Ott
d’Estevou et al., 1986b; Jarrige et al., 1990). On the
contrary, southwards, on the Sudanese margin, the
syn-rift sedimentary sequence does not record evi-
dence of strike-slip tectonics (Montenat et al., 1990).

Thus, the strike-slip tectonics increase in intensity from
south to north and are recorded in progressively
younger sediments towards the north.



158 Sedimentary record of the initial stages of Oligo-Miocene rifting



Figure C3.11
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Sketch illustrating the diachronism of sedimentary and tectonic events from south (Red Sea) to north (Gulf of Suez). 1. basement;

2. reddish clastics; 3. basalt; 4. evaporites; 5. marine deposits (Nukhul Formation); 4. evaporites; 6. radiometric data; 7. biostratigraphic data; 8.
strike-slip tectonic pattern; 9. tilt-block, extensional pattern; 10. unconformity.

Jarrige et al. (1990) have also noted that the increas-
ing importance of strike-slip tectonics northwards coin-
cides with the proximity of the Syrian foldbelt which is
oriented in the same direction.

Transverse asymmetry of the rift initiation

Depositional asymmetry

As previously noted, the stratigraphic units related to
early rifting differ on either side of the Guif of Suez as
well as the north-western Red Sea (Figure C3.11).

o On the western margin, early rift deposits (Group A)
are weakly developed or absent. When present, they
include continental lacustrine or restricted marine
sediments (lower evaporites). Open marine sediments
do not occur on this margin before the late Burdi-

&
<4

Figure C3.10  Sections through Group A sediments. The sections at
Wadi Gasus (S Safaga) and at Gebel Hamadat (S Quseir), show distal
and proximal continental deposits respectively. In both sections,
basement (Precambrian) material, deeper erosional channel, and
synsedimentary deformational structures, all appear progressively in
the upper part of both sections. At Wadi Gasus, tilting of the deposits
coincided with the flooding of the graben by marine waters which
deposited gypsum and siliciclastic slopes deposits exhibiting slope
structure. 1-6: interpretation of the environment of deposition. 1.
debris-flow; 2. mud-flow; 3. fluviatile channels; 4. flood-plain; 5.
permanent but restricted marine basin; 6. submarine delta. M 25 =
centile, i.e. the size above which only 1% of the pebbles is found. (After
Orszag-Sperber and Plaziat, 1990).

galian—Langhian transgression (Group B; Plaziat
et al., this volume).

® On the eastern margin (Sinai edge and Midyan
Peninsula), early rift deposits are thicker, rather
widely distributed and contain open marine deposits
(Nukhul Formation or its equivalent Nutasyash
Formation) are predominant. The earliest marine
syn-rift deposits (Musayr Formation of the Midyan
area, Chattian in age) also occur on the eastern side
of the rift (Figure C3.12).

This asymmetry is maintained during deposition of the
Lower Rudeis Formation (late Burdigalian—early Lan-
ghian) which is well developed on the Sinai margin, but
not represented on the western margin where it corre-
sponds to an important stratigraphy gap (Plaziat et al.,
this volume). However, more homogeneous marine
sedimentation, on both rift margins occurs during upper
Rudeis sedimentation (late Langhian).

Structural asymmetry

According to Purser and Hotzl (1988), Oligocene
deposits of the eastern side (Midyan Peninsula) are
closely related to pre-existing fault blocks. Moreover,
block faulting was especially active during deposition of
the Nutaysh Formation (equivalent to the Nukhul
Formation). Thus, block-faulting appears to be earlier
and more active on this eastern margin. This may be
linked to the earlier Chattian marine transgression and
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Figure C3.12

Schematic sketch of the Gulf of Suez—north Red Sea, showing asymmetry of the depositional area during late Oligocene—Early

Miocene. 1. Substratum with pre-rift sedimentary cover widely preserved (Gulf of Suez) or eroded (Midyan Peninsula). The fault pattern is not
related to a precise geometry; it just indicates an earlier and stronger block faulting (Oligocene) on the Arabian margin. 2a. Abu Zenima Formation
(including basalts); 2b. Sharik Formation; 2c. evaporites (Jabal Tayran Formation); 2d. Musayr Formation. 3a. Open marine Nukhul and Nutaysh
Formations (reefs on Saudian margin); 3b. evaporites (Aquitanian) Safaga; 3c. laminated lacustrine carbonate (W Safaga; N Gebel Esh Mellaha). 4a.
Open marine deposits (Lower Rudeis Formation); 4b. marine clastics deposits of Safaga or gap. 5. Transgressive Langhian deposits (Upper Rudeis
Formation or Group B). Major unconformities: I. basal unconformity (diachronous), II. pre-Nukhul unconformity, III. post-Nukhul event, IV. mid-
Clysmic event. Note the merging of various unconformities on the western margin.

unroofing of the pre-rift sedimentary cover on the
western margin.

Magmatic data: east-west asymmetry
and north-south diachronism

Although magmatism is generally regarded as typical of
the early phase of rifting, basalts are relatively rare
along the north-western Red Sea margin. Several basalt
flows occur on the Sudanese margin (Montenat et al.,
1990), a single flow is intercalated in Group A sediment
at Sharm el Qibli (Egypt) and a basalt sill exists in the
Gharamuls (south-western Gulf of Suez) (Ott d’Estevou
et al., 1986a).

In contrast, a widespread system of dikes and smaller
bodies occur along the north-eastern margin of the Red
Sea—Gulf of Suez. Large dikes were emplaced mainly
parallel to the Red Sea—Gulf of Suez (Clysmic direction),
from the Sinai Peninsula (Abu Durba, Sharm el Sheikh,
Santa Catarina, Mutarish and Sheikh Atiya) to Yemen
(Baldridge et al., 1991, Figures 1, 2; Chazot, this volume).

The basaltic magmatism started earlier in the south of
the Red Sea (30-29 to 20 Ma in Yemen, Davison et al.,
1994) than to the north (26-25 to 22 Ma) in the Gulf of
Suez and the Red Sea (Steinitz er al., 1981; Ott
d’Estevou et al., 1986a).

DISCUSSION AND CONCLUSIONS

1. The late Oligocene—early Miocene sediments of the
Gulf of Suez, and the north-western Red Sea document
the sedimentary and tectonic events which occurred
during the early stage of rift sedimentation.

2. The preservation of the pre-rift (Eocene) sediments
in the Gulf of Suez and on the western Red Sea (up to
30 km to the south of Quseir) indicate that doming was
not significant during the early phases of rifting.

3. Rift development was preceded by a stage of
planation and weathering. Thus the rifting began in an
area of poorly drained and low relief hinterland.

4. The evolution from flood-plain deposits (sub-
group A;) to subaquatic environments (sub-group A,)
during early rifting may be correlated with the tectonic
evolution of the area. The development of subaquatic
deposits coincides with the initiation of the tilt-block
faulting which generated structural depressions favou-
ring marine deposition. Due to the geometry of the
marginal dipping antithetic tilt-blocks, which favours
the creation of restricted environments, sediments are
generally fine-grained anoxic deposits. Such features
often appear to be related to rift initiation (for example,
Cretaceous South Atlantic rift; Reyre, 1984; Montenat
et al., this volume).

5. Composition of the clastic material within the rift
fill and the chronological data indicate asymmetry and
diachronism of rift initiation as follows:

e slight south-north and an important east-west de-
creasing age of the first syn-rift deposits;

e strike-slip faulting increases in intensity and is
recorded in younger sediments from south to north;

e most of the basaltic magmatism is located on the
eastern side of the rift;

o progressive unroofing and uplift from south to north.
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Section D
Syn-rift sedimentation and tectonics

This, the largest section in the book, comprises nine
chapters focusing on the syn-rift sedimentology of the
entire rift basin from the eastern Gulf of Aden to the
Gulf of Suez.

The first five chapters are broader-scale treatments of
the sedimentological and stratigraphic evolution of
particular areas and the relationships to the structural
evolution of the basin margins.

More detailed investigations from the Miocene of the
north-western Red Sea and western Gulf of Suez are
presented in the final four chapters and these cover more
specific topics such as tilt-block carbonate platforms,
coral reefs, slope deposits and synsedimentary deforma-
tion.

D1 Rift-related sedimentation and stratigraphy, south-
ern Yemen (Gulf of Aden)
F. Watchorn, G. J. Nichols and D. W. J. Bosence

D2 Miocene isolated platform and shallow-shelf car-
bonates in the Red Sea coastal plain, north-east
Sudan
J. H. Schroeder, R. Toleikis, H. Wunderlich and H.
Kuhnert

D3 Stratigraphy of the Egyptian syn-rift deposits:
correlations between axial and peripheral sequences
of the north-western Red Sea and Gulf of Suez and
their relations with tectonics and eustacy
J.-C. Plaziat, C. Montenat, P. Barrier, M.-C. Janin,
F. Orszag-Sperber and E. Philobbos

D4 Extensional tectonics and sedimentation, eastern
Gulf of Suez, Egypt
K. McClay, G. J. Nichols, S. M. Khalil, M. Darwish,
and W. Bosworth

D5 Carbonate and siliciclastic sedimentation in an
active tectonic setting: Miocene of the north-western
Red Sea rift, Egypt
B. H. Purser, P. Barrier, C. Montenat, F. Orszag-
Sperber, P. Ott d’ Estevou, J.-C. Plaziat and E.
Philobbos

D6 The tectono-sedimentary evolution of a rift margin
carbonate platform: Abu Shaar, Gulf of Suez, Egypt
N. E. Cross, B. H. Purser and D. W. J. Bosence

D7 Miocene coral reefs and reef corals of the south-
western Gulf of Suez and north-western Red Sea:
distribution, diversity and regional environmental
controls
C. Perrin, J.-C. Plaziat and B. R. Rosen

D8 Miocene periplatform slope sedimentation in the
north-western Red Sea rift, Egypt
B. H. Purser and J.-C. Plaziat

D9 The tectonic significance of seismic sedimentary
deformations within the syn- and post-rift deposits
of the north-western (Egyptian) Red Sea coast and
Gulf of Suez
J.-C. Plaziat and B. H. Purser



Chapter D1

Rift-related sedimentation and stratigraphy,
southern Yemen (Gulf of Aden)

F. Watchorn, G.). Nichols and D.W.J. Bosence

ABSTRACT

Syn- and post-rift successions exposed on land in a
200 km stretch along the northern margin of the Gulf of
Aden in southern Yemen can be divided into three
depositional sequences. Sequence 1 is a patchily devel-
oped and highly variable alluvial plain and saline playa
facies assemblage of probable Oligocene age. Sequence 2
comprises fine-grained fluvial sands grading into mar-
ginal marine, coastal sabkha-type deposits with some
local reefal beds. It has a cumulative thickness of
between one and two kilometres and displays evidence
of upward gradation to isolated depocentres. Sequence 3
facies reflect the current physiography of the margin
with alluvial sediments interfingering with coastal clastic
and carbonate facies.

These depositional sequences and their relationship to
the rift structure indicate that rift flank uplift occurred
before any significant regional extension. The main
control on sedimentation was a series of basement highs
which compartmentalized the rift margin into numerous
sub-basins. Thick sedimentary packages were deposited
between the high regions while thin and patchy deposits
characterize the highs. Three phases of tectonism are
indicated: at 35 Ma the onset of rifting occurred followed
by an acceleration in subsidence at around 30 Ma; the
rifting climax occurred between 20 and 18 Ma. Sequences
1 and 2 were deposited during extension but do not show
growth relationships to faults or any synsedimentary
deformation. Sequence 3 represents a post-rift stage
which began at about 18 Ma and was characterized by
regional uplift, tectonic quiescence and rift shoulder
erosion. The facies and geometry of the depositional
units (sequence 1 and 2) suggest that sediments accumu-

lated passively in a low relief marginal marine/coastal
system dominated by regional subsidence. This is not
typical of classical facies models of rift fill and is
interpreted to be due to sediment passively infilling
earlier formed, fault-generated, accommodation space.

INTRODUCTION

The Gulf of Aden is a juvenile ocean which began rifting
during the late Eocene (between 42 and 35 Ma) and
completed oceanization by the early Miocene (18.5 Ma)
(Bott et al., 1992; Sahota et al., 1995). In the west the
margin is volcanic and highly affected by the activities of
the Afar plume (Davison et al., 1994). Up to 2000 m of
Oligo-Miocene volcaniclastic sediments—flows are pres-
ent offshore and onshore Aden (Tard ez al., 1991).
Eastward the volcanics die out and in the region studied
the passive margin is a steep, narrow, sediment-poor,
non-volcanic continental margin (Bott et al., 1992; Tard
et al., 1991). Along both the Yemeni and the conjugate
Somali margin, rift-related deposits are limited to a
number of discrete embayments separated by structural
(basement) highs (Figures D1.1, D1.2).

The Hadhramaut region affords the largest continu-
ous rift exposures along the Gulf of Aden, covering
approximately 2700 km? in total (Figure D1.2). Physio-
graphically, the region is presently a low relief coastal
plain covered in gravel terraces shed from a deeply
dissected, 1500-2000 m high rift shoulder. Pre-rift strata
are exposed in the footwalls of the major faults (Figures
D1.2, D1.4). The Oligocene to Recent syn-rift and post-
rift succession, the Shihr Group (Beydoun, 1964; Bey-
doun and Sikander, 1992), occurs as patchy outcrops on
the coastal plain.

Sedimentation and Tectonics of Rift Basins: Red Sea-Guif of Aden. Edited by B.H. Purser and D.W.J. Bosence. Published in 1998 by Chapman &

Hall, London. ISBN 0412 73490 7.
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The data and interpretations of the Shihr Group
presented here are based on structural and stratigraphic
mapping of the area supplemented by information from
aerial photographs, Landsat TM and SPOT images.
Facies analysis was performed with reference to Reading
(1986) and Tucker and Wright (1990). Proprietary
seismic sections were examined for the purpose of
cross-checking surface-based interpretations and have
been incorporated into the conclusions. Age constraints
have been provided by Sr isotope dating (Appendix,
data from Reeder, 1994).

PREVIOUS WORK

Most previous work in the area has been regional in
scope (Beydoun, 1964, 1978; DGME, 1986; Haitham
and Nani, 1990; Bott et al., 1992). The stratigraphy
erected by these authors is summarized in Figure D1.3.
Schiippel and Weinholz (1990) and Bosence et al. (1996)
have completed detailed studies on the Tertiary rift
sediments. Basic mapping and stratigraphic work has
also been carried out by Agip and the East German
government (AGIP, internal reports, 1977-1984;
DGME, 1986). Investigations on the Mesozoic basin
configuration and hydrocarbon framework also allude
to the development of the Gulf of Aden (Ellis et al.,
1996, Redfern and Jones, 1995). Studies from offshore
Yemen have concentrated on defining the spreading
history and ocean—continent configuration of the mar-
gin and not on the age, nature or spatial configuration
of the sediments (Cochran, 1981; Sahota et al., 1995).
Poor seismic reflection quality precludes detailed map-
ping of the offshore sediments. Thus, the offshore
database is limited to scattered exploration wells (15 in
total) and the 3 DSDP wells (Bott et al., 1992).

REGIONAL STRATIGRAPHY

The lowermost Oligocene, represented by the Ghaydah
Formation offshore Yemen and the Bandar Harshau
Formation offshore Somalia, is a mixed marginal
marine-sabkha—estuarine sequence deposited in isolated
sub-basins. Hughes et al. (1991) have shown that by the
middle Oligocene a deep proto-Gulf of Aden existed at
least as far east as Al Hami (Figure D1.4). A westward
shoaling probably reflects both earlier palacogeography
(As Saruri, 1995; Al Subbary et al., this volume) and
differential uplift due to the Afar plume. Deep marine
globigerinid oozes of Miocene age (Hami Formation)
are present in the central Gulf and reflect the develop-
ment of a narrow and deep early oceanic trough.
Nearshore equivalent beds of the Miocene Hami For-
mation are fossiliferous silty and sandy marls overlain
by chalky limestones deposited in outer neritic-bathyal

depths. On seismic lines upper Miocene reflectors are
generally undeformed. Pliocene deltaic deposits fed by
the major wadi systems (such as Wadi Masila, which has
produced a fan over 2000 m thick) constitute the early
stages of passive margin blanketing (Sarar Formation).

Rift sediments of northern Somalia and Dhofar, the
conjugate and adjacent margins, are better documented
(Bosellini, 1989; Abbate ef al., 1993b; Osman, 1992;
Platel and Roger, 1989; Roger et al., 1989; Fantozzi
et al., this volume). In Somalia, small early Oligocene
(Chattian—Repelian) syn-rift basins are filled with lac-
ustrine and continental clastics and evaporites and
minor interbedded volcanic horizons (Fantozzi et al.,
this volume). The Daban Basin (Figure D1.1) in western
Somalia records a continuous succession of alternating
shallow marine-lagoonal, lacustrine and continental
sediments throughout the Eocene and Oligocene (Ab-
bate et al., 1993b). The Boosaaso Basin in Migiurtania
(Figure D1.1) records a dual phase of rifting with a
minor early Oligocene rifting event accumulating ter-
restrial sands and a major early Miocene event accu-
mulating variable lagoonal, lacustrine and continental
clastics and carbonates (Oligocene Shimis Sandstone
and lower Miocene Mait Group of Osman, 1992). These
syn-rift deposits are unconformably overlain by Pliocene
wadi conglomerates and volcanics. In Dhofar a very
different (and much more complete) marine-dominated
succession is encountered (Roger et al, 1989). Here
deposition continued throughout the upper Eocene
(Priabonian) although lacustrine limestones mark a
regional regression and uplift. The first evidence for
rifting is in the middle Oligocene when a marked
deepening of the basin is indicated by a thick succession
of turbidites and olistoliths. Deep marine conditions
continued until the early Miocene (Burdigalian) with
shallow marine carbonates deposited with a marked
unconformity on the underlying bathyal sediments. This
unconformity represents the break-up unconformity and
the Dhofar region has been progressively elevated since
the early Miocene.

TECTONIC ARCHITECTURE

The studied Shihr Group exposures are confined
between the Mukalla high to the west, the Masila—
Fartaq high to the east and the South Hadhramaut Arch
(sensu lato) to the north (Figure D1.2; Beydoun, 1964,
1969). Syn- and post-rift sediments are in fault contact
with basement to the west (at Mukalla) and uncon-
formable on Tertiary limestones to the east and along
the South Hadhramaut Arch. Consistent eastward-
directed wadi systems suggest a regional eastward
basement slope across the region. The pre-rift strati-
graphy indicates that the highs are at least Jurassic and
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Figure D1.3

Summary stratigraphy of Gulf of Aden region. Adapted from Beydoun and Sikander (1992) with additional Mesozoic data from

authors’ observations, Redfern and Jones, 1995; Ellis ef al., 1996 and Beydoun, 1964; and additional Oligo-Miocene data from authors’ own
observations, Bott et al., 1992; Osman, 1992; Abbate ez al., 1993b and Roger et al., 1990.

possibly Palacozoic in age and they were reactivated
early in the evolution of the rift. Pre-rifting structural
trends, principally the north-west—south-east Najd
wrench trend and the north-west-south-east to east-
west Jurassic rift trend have clearly influenced the initial
location and geometry of the rifting. Restored cross-
sections indicate that the total strain across the margin is
low, with an average f-value of 1.15. Stretching is
primarily effected by a complex extensional fault
network and subordinately by monoclinal flexing—
downwarping; no strike-slip transfer faults segmenting
the margin have been identified.

The South Hadhramaut Arch forms the shoulder of
the rift and is a composite drainage divide which is
systematically breached eastwards along strike. The arch
is coincident with the footwalls of the major basin-
margin faults. These define a left-stepping, en echelon
system of concavo-planar, north-dipping (50-65°) faults

with variable throws of ¢. 250-700 m. Deformation in
the interior plateau is localized along discrete, curvi-
linear fault zones formed by linkage of numerous
individual fault segments. Displacements are in the
range of 100-350 m. Fault trends are predominantly
east-west, but eastwards they become markedly oblique
to the rift margin, trending north-west—south-east.
Between the arch and the coastal plain is a 10 to
15 km wide, intensely faulted, hinge-zone (Figure
D1.2(a)). Consistently south-dipping beds along the
margin indicate this hinge-line to be a south vergent
monocline with 1500-2000 m of relief. Interlocking
planar faults of varying polarity and strike form a
dense network of ‘soft-domino’ style faults. Fault
throws are ¢. 100-300 m but have steep along-strike
displacement gradients. North-throwing faults predom-
inate along the southern margin and south-throwing
faults along the northern margin of this hinge zone.
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Simplified geological map of rift sediments. Only the coastal (i.e. raised beach) exposures of Sequence 3 are shaded: wadi gravels and

gypsum accumulations are white. Boxed letters indicate log locations. WF = Wadi Filik; AN = An Naqg’ah; JD = Jebel Dhabba; T = Tibelah;
AW = Al Wasit; WM = Wadi Marun, JM = Jebel Marun; AH = Al Hami; WI = Wadi 1dthik. Offshore wells located are H = Hami-1,

S = Sharmah, G-1 = Ras Ghashwah-1, G-2 = Ras Ghashwah-2. Major wadi systems also located and abbreviated as follows: WHi = Wadi
Himmum; WH = Wadi Huwayra; WAr = Wadi Arif, WHa = Wadi Harad; WA = Wadi Assid. DS = Town of Ad-Dis-Shargiah, Ls = Lusb

village. A-A’ = location of cross-section of Plate 16(a).

The coastal plain is crossed by a few major east-west
trending, northerly dipping fault zones. These fault
systems are commonly terraced planar faults (in a zone
up to 750 m wide), with cumulative displacements of
approximately 750-1000 m. The fault zones are com-
posed of 5-10 km long segments which link laterally in
complex, 1-2 km wide accommodation zones. Because
of the predominance of ductile shales and evaporites in
the Shihr Group many faults at depth are expressed on
the surface as broad, complex zones of folding and
minor faulting rather than discrete fault strands. The
basal evaporitic shales also act as detachment horizons
on the large fault blocks producing very tight synclines
with steep to subvertical limbs.

It is worth noting that although the surface exposures
reveal a simple deformation style in the Shihr Group,
seismic profiles show a considerable complexity of
internal stratigraphic geometries and deformational
styles which are only hinted at on the surface.

PRE-RIFT STRATIGRAPHY
Basement

Basement exposures are confined to the region west of
Mukalla. A tripartite lithostratigraphic subdivision was
erected by Beydoun (1964). Proterozoic metavolcanics
(Tha’lab Group) are overlain by unmetamorphosed late
Proterozoic clastics, carbonates and volcanics (Ghabar
Group); both are intruded by 400 Ma granitoids. No
Gondwanan sequences have been recorded anywhere in
south Yemen and it is likely that the region remained an
area of positive relief throughout the Palaeozoic (Bey-
doun, 1978).

Amran Group (Jurassic)

The Jurassic is seen only in the Mukalla high (Wadi
Hajar region) and in the Masila High (Wadi Masila).
This group consists of marine and marginal marine
carbonates and clastics of considerable, but variable
thickness. They were deposited in narrow, high relief
north-west-south-east trending graben. These graben
have been the focus of considerable hydrocarbon
exploration recently and their complexity is just begin-



172 Rift-related sedimentation and stratigraphy, southern Yemen

ning to be understood (Ellis et al., 1996; Redfern and
Jones, 1995). Significantly, these graben systems are
markedly oblique to the trend of the Gulf of Aden.

Tawilah Group (Cretaceous—Paleogene)

This dominantly sandy unit occurs throughout Yemen
and is unconformable on the underlying Amran Group.
It varies from continental facies in the west to marine in
the east and represents a period of slow epicontinental
subsidence (Al Subbary ef al., this volume; Beydoun,
1978). Exposures in the Hadhramaut are widespread
and evidence for both continental and shallow-marine
siliciclastic sedimentation is present. Four marine car-
bonate horizons, progressively thicker eastward, are
present across the area studied (Beydoun, 1964, 1978).

Hadhramaut Group (Tertiary)

Tertiary sedimentary rocks cover much of south-eastern
Yemen and have been interpreted to either dis-
conformably (Beydoun, 1964) or unconformably (our
observations) overlie the Tawilah Group. This thick
(255-1770 m) pre-rift succession comprises the Umm Er
Radhuma Formation (Paleocene—early Eocene), the
Jeza Formation (early-mid Eocene), the Rus and
Habshiya Formations (mid Eocene) and the Hamara
and Rimah Formations (late FEocene—Oligocene)
(DGME, 1986; Beydoun, 1964). The Umm Er Radhuma
Formation is cliff-forming and comprises foraminiferal
grainstones, packstones and wackestones. The overlying
Jeza Formation consists of calcareous paper shales and
well-bedded micritic limestones. The Rus Formation is a
thick (c. 300 m), homogeneous gypsum unit and the
Habshiya Formation consists of various platform car-
bonate facies dominated by nummulitic packstones and
mudstones with subsidiary gypsum. Upwards a number
of thin sandy horizons indicate increasing clastic input.

RIFT SEDIMENTS

We have subdivided the Shihr Group into three
sequences of distinct facies assemblages separated by
regional unconformities. Sequences 1 and 2 are loosely
classed as syn-rift, which is defined here as all sediment
accumulated between initiation of tectonism and final
oceanic spreading. There is no evidence within either
sequence for active fault-controlled sedimentary accu-
mulation and these sequences may actually have formed
by passive infill of accommodation space (see discussion
below; Prosser, 1991). Sequence 3 represents the post-
rifting (drift) evolution of the margin.

An informal stratigraphy has been adopted: formal
stratigraphic definitions await more comprehensive field

mapping and more detailed dating. A summary map of
the distribution of the sequences is shown in Figure
D1.4: sequence 1 deposits are preferentially exposed on
the dip-slopes of the major north-dipping faults, and
sequence 2 in the hangingwalls of the faults. Sequence 3
forms a blanketing veneer over the two underlying
sequences. Logs of sequence 1 deposits are shown in
Figure D1.6 and of sequence 2 facies in Figure D1.7 (a
key to the logs is given in Figure D1.5).

Sequence 1

These sediments were deposited with a marked angular
unconformity on the Habshiya, Jeza and Umm Er
Radhuma Formations. This sequence forms an areally
(and volumetrically) small portion of the exposed rift
sediments (Figure D1.4). Facies relationships are com-
plex with large thickness variations and a marked
localization of certain facies. The age of the base of
the sequence is poorly constrained: the youngest pre-rift
exposures are ~42 Ma (Lutetian, Habshiya Formation)
while the oldest Shihr Group deposits are at least
Chattian (35 Ma) (Beydoun, 1964; Hughes e al., 1991).
The upper age of the sequence is also poorly controlled.
The contact between sequence 1 and sequence 2 is not
exposed but is inferred to be an unconformity because
the former always occurs with steeper dips than the
latter.

Two main facies are recognized: a siliciclastic (allu-
vial) facies association generally lies directly on pre-rift
and is overlain by a dominantly carbonate (marginal
marine) facies association (Figure D1.6 — compare lower
and upper deposits of Wadi Idthik and Jebel Marun). A
distinct evaporitic association is found in sequence 1 at
Wadi Filik.

Siliciclastic association

Description

The Wadi Idthik log (lower section) is an example of a
relatively fine-grained association (Figure D1.6). Basal
exposures (not shown here) are reddened, well-sorted
and rounded, unstratified gravel and boulder conglom-
erates. Typical field exposures of these conglomerates
(and intervening rhizolith horizons) are shown in Plate
15(a),(e). Clast composition is overwhelmingly (approx-
imately 90%) Umm Er Radhuma limestone with a
minor component of chert and other Tertiary lime-
stones. The matrix is generally coarse-granular red sand.
Bed thicknesses vary from 1 to 5 m and have both
planar and scoured bases. Imbrication and coarse sand
lenses are occasionally present in the thinner beds. All
conglomerate horizons display a large amount of lateral
variation. Marls and calcretes occur associated with
these conglomerates along with less common tufa
horizons. The maximum measured thickness encoun-
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Figure D1.5  Key to sedimentary logs of Figures D1.6 and D1.7.
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tered was about 125 m at the entrance of Wadi Harad
where a clear upward gradation from thick boulder
conglomerates to thick reddened paleosols with minor
gravel conglomerate horizons is seen. The calcretes are
mottled, deeply reddened and vertically burrowed in
beds up to 2 m thick. Red, subvertical rhizolith stringers
are common and generally define distinct horizons.
These fine beds increase in frequency and thickness
upwards.

Interpretation

The coarse, structureless nature of these deposits sug-
gests deposition as sheet-flood events in proximal parts
of alluvial fans. Close spatial relationships with present-
day wadi systems may indicate the longevity of these
systems. The calcretes formed in areas between the
small, isolated fans in a semi-arid—arid climate.

Carbonate association

Description

Limestone beds form the bulk of the exposures mapped
in sequence 1 and are illustrated in logs measured at An
Nag’ah, Jebel Marun, Wadi Marun and Wadi Idthik
(upper) (Figure D1.6). They are predominantly rubbly
and variably micritized biopackstones and skeletal
grainstones with distinctive pink mottling. Granule to
pebble clasts of chert, white wackestones and grain-
stones and rounded quartz are common. Algal oncolites
occur and algal laminites bind the sediments. No macro-
or microfauna were recovered. Bioturbation is rare and
limited to coarser beds. Typical thicknesses are 40-60 m
and are relatively constant across the region.

At Wadi Idthik (Figure D1.6, Plate 15(d)) alternating
thickly laminated and low-angle cross-bedded, white
grainstones with scours and lime-mud rip-up clasts
occur. Skolithos burrows are common in the lower part
of the section while Thalassinoides is common at the top.
In the uppermost 25 m a number of thin conglomerate
beds of Umm Er Radhuma clasts are seen. At Jebel
Marun (Figure D1.6) red, mottled, 2-5 m thick beds of
structureless coarse gypsum occur interbedded with
irregular lenses of angular limestone granule and pebble
conglomerates. These facies are also exposed at Hum-
mum (Figure D1.8(a)) and at Wadi Arif (Plate 15(f)).

Westward around Wadi Arif and An Naq’ah, mud-
dier deposits predominate and limestone beds are not
common (Figure D1.6). Here laminated marls, tufas and
numerous conglomeratic interbeds are present. Tufas
are consistently present across the region as white, thin
(generally 1-3 m) crudely laminated units (occasionally
containing upright, encrusted reed horizons). Five
kilometres west of Ad Dis-Shargiah two spectacular
circular tufa mounds (approximately 30 m diameter, 10—
15 m thick) composed of thick and uneven, superim-

posed encrusted reed layers with a central cavity are
present (at “T” in Figure D1.4).

At Wadi Arif a coralgal framestone unit occurs,
bedded within 5-10 m thick units of structureless,
coarse, open framework limestone conglomerates (Plate
15(b)). The framestones comprise faviid corals (? Porites)
and molluscan debris in a coarse grey bioclastic wacke-
stone matrix.

Interpretation

This facies association is interpreted as saline playa
deposits fringing a low relief marine shoreline. Much of
the gypsum in the marginal playa is sourced by
redeposition of gypsum from the Rus Formation. The
occasional conglomerate lenses are interpreted as sheet
flood deposits. Around An Naq’ah, these playa deposits
are less gypsiferous, muddier and contain numerous tufa
beds. This reflects both a different substratum (Jeza
Formation marls rather than Rus Formation evapo-
rites) and indicates more frequent flooding of the coastal
plain. Eastward at Wadi Idthik, the calcarenites are
interpreted as beach deposits. The tufa mounds at Ad
Dis-Sharquiah are considered to be deposits of CO, rich
fossil springs (note that there are a number of present-
day geothermal springs nearby).

The bedded limestones are interpreted as peritidal
marine beds from their abundance of algal debris but
lack of any other fauna. The regional upward gradation
to bedded limestones reflects transgression. The intimate
interbedding of coral limestones and conglomerates at
Wadi Arif suggests a fan delta development and
colonization by framework building corals (e.g. Hay-
ward, 1982; Bosence et al., 1996).

Evaporite association

Description

Figure D1.6 shows 85 m of the 300 m section at Wadi
Filik. It is composed of laterally continuous beds of
mixed gypsum, limestones and marl in repeated 10-15 m
thick coarsening-up cycles (Plate 15(c)). The marls and
lime mudstones contain mudcracks and horizontal
burrows and display continuous, very thin (algal?)
lamination. Thin conglomerates occur and several 1-
2 m thick grainstone horizons contain rare gastropods
and bioclastic debris. Gypsum occurs as thin, continuous
laminae, nodular white gypsum arranged in thickening-
up beds and as replacive, brown, unbedded gypsum.

Interpretation

This association has the characteristics of an ephemeral,
evaporitic lake or lagoon. The basal marls and con-
glomerates are interpreted as a playa mudflat. The
repeated marl-gypsum cycles are taken to represent
repeated flooding and desiccation of the water body.
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Geological map of Ad-Dis-Hummum region, based on field mapping and Landsat TM interpretation, highlighting close

correlation between observed facies and fault architecture. Sequence 2a = lower facies of Sequence 2, sequence 2b = gypsum facies of Sequence 2,

and Sequence 2c = middle facies of Sequence 2.

Sequence 2

Sequence 2 comprises the bulk of the onshore exposures
(Figure D1.4). It unconformably overlies sequence 1 of
the Shihr Group, Umm Er Radhuma, Jeza and Hab-
shiya Formations. The total thickness is difficult to
gauge because of alluvial cover and post-depositional
faulting, but is of the order of 1000-1500 m and is
relatively constant along strike. The age of the base of
the unit is poorly constrained but is estimated at around
30 Ma. The upper age limit is between 21.1 Ma and 17.4
Ma (see Jebel Dhabba below; Table D1.1).

There is a clear upwards trend from laterally persis-
tent, alluvial dominated facies to spatially limited,
coastal salina-sabkha facies. This is best illustrated by
comparing the log at Al Wasit, which typifies the basal

300-500 m, with all the other logs of Figure D1.7 which
illustrate the top of the sequence.

Basal facies assemblage

Two basal facies associations are recognized: a coarse
sandy and conglomeratic facies association and a thicker
silty association.

Sandstone-conglomerate facies association

This mixed sandstone—conglomerate facies is generally
deposited unconformably on the Habshiya Formation,
and occurs across the entire region in a unit about 50 m
thick. It is typified in the lower part of the Al Wasit log
(Figure D1.9). The sandstone-conglomerate ratio varies

widely and nonsystematically along strike from 30% to
90% conglomerate.
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Figure D1.8-Contd. (b)  Schematic cross-section and associated sketch stratigraphy from Ad Dis-Hummum-Ras Sharmah region. See A~A’ of
Figure D1.4 for location. Stratal geometry and thickness based on nearby seismic reflection line.

The sandstones are reddened, coarse and pebbly lithic
arenites—wackes with numerous silt and gypsum-rich
horizons and also distinct slit lenses. Trough cross-
bedding is pervasive in the coarser sand beds and a
general fining-up pattern in 3-5 m thick units is appar-
ent. North-west of Jebel Marun these coarse sandstones
are almost exclusively developed with only minor lenses
and beds of polymict conglomerates.

The conglomerates are lensoid and weakly sub-planar
bedded with occasional deep (2-3 m) scours. Sparse
palaeocurrent data indicate a general south-easterly
trend to these channels. Most beds, however, are 1-2 m
thick with sub-planar, nonerosive bases. Lithologically
they are polymict (limestone clasts of all Tertiary

Formations), rounded, moderately sorted conglomer-
ates with a coarse lithic matrix.

Interpretation

The facies is interpreted as the deposits of a braided
river system. The conglomerates, with their crude
stratification, open framework and repeated scouring
are channel bar deposits while the sandy units are
interpreted as waning flood channel deposits. The lateral
persistence of the conglomerates suggest a broad braid-
plain existed. Some interfingering with overlying lami-
nated silts-marls shows that the braid-plain fed into a
subaqueous environment.
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Table D1.1

Sample number Organism  Initial 3/% Sr ratio Range (+/-0.000018) Min—max.age my Age Longitude Latitude Sequence
DBSY31 Ostreid 0.70891 0.708928/0.708892 6.5-10.0 8.2 Tortonian  14°42.39N  49°2842’E 3
DBSY32 Ostreid 0.708912 0.708930/0.708894 6.4-100 8.2 Tortonian  14°42.39N  49°2842°E 3
DBSY35 Ostreid 0.708771 0.708789/0.708753 14.4-16.3 15.3 Langhian  14°42.19YN 49°29.04'E 3
DBSY66 Ostreid 0.708569 0.708677/0.708641 16.7-18.2 17.4 Burdigalian 14°43.24'N 49°30.57E 3
DBSY67 Matrix 0.708569 0.708677/0.708641 16.7-182 174 Burdigalian 14°43.24'N 49°30.57E 3
DBSY155 Ostreid 0.70842 0.708438/0.708402 20.7-21.6 21.1 Aquitanian 14°38.45N  49°11.18'E 2

Silty facies association

Red silty marls constitute the majority of the exposures
of sequence 2 and are illustrated by the upper part of the
Al Wasit log (see also Plate 16 (a), (c)). They are
unfossiliferous, undisturbed and planar laminated in 15—
25 m thick units. Mudcracks are occasionally present. In
thicker units the marls are capped by distinctive 1-3 m
thick mottled purple-red calcretes. Interbedded horizons
of conglomerates and sandstones are common through-
out. The sandstones are lithic arenites, 0.1-5 m thick,
normally graded with ripple cross-laminated and low
angle trough cross-bedding. Silt drapes are common.
The conglomerates are 1-3 m thick units of planar
erosively based, pebble-cobble, polymict limestone con-
glomerates with weakly developed imbrication. In
Wadi-Huwayra a 15 m thick olistolith bed containing
lithified, gypsum-veined blocks of similar lithologies
oceur.

Interpretation

This is interpreted as a sub-littoral, hydrologically open
lacustrine facies. The numerous channelized sand and
conglomerate beds are interpreted as storm deposits. A
crude, repeated, fining-up pattern to the facies is
characteristic and represents periodic deepening-re-
charge of the lake which may have been related to
tectonics. These fining-up units are always capped by
calcretes, indicating subaerial exposure. Desiccation
cracks at other levels in the succession indicate other
periods of exposure. Numerous disturbed and contorted
laminae in the sand beds point to either dewatering or
gravitational instabilities. Abundant gypsum and a lack
of body fossils may indicate hypersaline and possibly
stratified lake waters.

The petrography of the silts and marls indicates
principally a Tertiary source; however, the presence of
abundant feldspar and quartz and some glauconite
clasts point to a subordinate Mesozoic source.

Upper facies assemblage

The upper facies in sequence 2 vary with geographic
location and are described below in terms of the facies
typical of particular localities.

Mukalla. A 120-150 m thick, unbedded coralline
limestone forms Jebel Mukalla and rests unconformably
on basement and Qishn Formation limestones (Plate
16(f), Figure D1.10). The basal 10 m contains angular
boulders of brown dolomite and pink lithic wackestones
of Habshiya and Harshiyat Formation provenance. This
isolated unit is located on a basement horst and
probably formed as an isolated carbonate platform.
This unit was correlated with the Fuwwah Formation
and dated as lower Miocene (DGME, 1986) and
misinterpreted as Umm Er Radhuma Formation by
Beydoun (1964).

Jebel Dhabba. Jebel Dhabba is a prominent flat-
topped, coastal hill which exposes a 160 m thick mixed
clastic-gypsum—dolomite facies assemblage (Figures
D14, D1.7, D1.9, Plate 16(e)).

Deposits of mixed silts exposed at the base grade up
to an alternating sequence of nodular gypsum, pebbly
conglomerates, coarse lithic sandstones and brown
marls (Figure D1.7, Plate 16(b)). These lithologies form
a number of fining-up units. The bases are channelized
with pebble-cobble conglomerate and planar-laminated,
ripple cross-laminated and trough cross-bedded coarse
lithic arenite infills. These clastics are overlain by
alternations of planar laminated/rippled sands and
nodular gypsum-marl couplets which increase upwards.
Desert rose gypsum and gypsum pebble conglomerates
(with occasional serpulid encrustations) are common.
The sand beds are rippled and planar laminated, with
rare convolute lamination.

The above is capped by a 45 m thick, coarse shelly
dolospartite with a number of 1-2 m thick horizons of
coral (Porites), molluscan and forminiferal rudstones.
The upper 15 m of these dolostones contain a number of
patch reefs and form a set of low-angle, downstepping,
sigmoidal clinoforms (Figure D1.9).

Interpretation

The lower unit is interpreted as shallow marine shore-
face sands with interbeds of nodular gypsum represe